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PREFACE 


Tus is the second volume of a textbook on television engineering 
written primarily for the engineering staff of the British Broadcasting 
Corporation and intended to provide a comprehensive survey of 
modern television principles. 

This volume describes the fundamental principles of video- 
frequency amplifiers and examines the factors which limit their 
performance at the extremes of the passband. A wide variety 
of circuits is described and particular attention is paid to the use of 
feedback. There is a section dealing with the special problems of 
camera-head amplifiers. 

Because of the nature of the subject, the text is necessarily more 
mathematical than in Volume 1 but, whenever possible, self-con- 
tained mathematical derivations have been included as appendices 
at the ends of the chapters. 

The text of the present volume was written by S. W. Amos, 
B.Sc., A.M.LE.E., of the Engineering Training Department, in 
collaboration with D. C. Birkinshaw, M.B.E., M.A., M.IE.E., 
Superintendent Engineer, Television, and is based on an internal 
BBC manual written by the same authors in collaboration with 
J. L. Bliss, A.M.I.E.E., of the Designs Department. This volume 
was edited by L. F. Ostler, Assoc. I.E.E., of the Engineering Training 
Department. 
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A’ 


PRINCIPAL SYMBOLS USED 


(i) In general, gain of an amplifier 
(ii) Internal gain of a feedback amplifier 
External gain of a feedback amplifier 


Anz, Amp, Ay Gain of an amplifier at high, medium and low frequencies 


respectively 


Ans’, Amy’; Ay’ External gain of a feedback amplifier at high, medium and 


low frequencies respectively 


Amaz Maximum value of gain 


AL AvAHD 


a 


bp pape 


a 


“a 


by Dy by by 


° 


Capacitance 

Capacitance decoupling bias resistor 

Anode-decoupling capacitance 

Capacitance in feedback circuit 

Grid-coupling capacitance 

Input capacitance of a valve 

Capacitance in cathode circuit 

Output capacitance of a valve 

Screen-grid decoupling capacitance 

Total shunt capacitance at anode of a valve 

Effective value of C; when feedback is applied 

Delay 

Passband of an amplifier 

Change in screen-grid current per volt change in control-grid voltage 
Change in screen-grid current per volt change in screen-grid voltage 
Current 

Anode current 

Current due to shot effect 

Screen-grid current 

Ratio of C; to C; 

(i) In general, inductance 

(ii) Number of lines per picture 

Inductance values used in anode line of a distributed amplifier 
Inductance values used in grid line of a distributed amplifier 
Resistance 

Anode load resistance 

Resistance of R, and R; in parallel 

Bias resistance 

(i) Terminating resistance of network or line 

(ii) Resistance in parallel with C, in d.c.-coupled circuit 
Anode-decoupling resistance 

Resistance in feedback circuit 

Grid resistance 

Cathode resistance 

Resistance of R, and r; in parallel 
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PRINCIPAL SYMBOLS USED 


Load resistance for camera tube 

(i) Equivalent noise resistance of a valve 

(ii) Reduced value of anode load resistance in a multi-valve amplifier 
to keep the bandwidth the same as that of a single stage 

External resistance in screen-grid circuit of a valve 

Resistance of R,, and r,, in parallel 

Periodic time of an oscillation 

Voltage 

Anode-cathode voltage 

Feedback voltage 

Grid-cathode voltage 

Input voltage 

Noise voltage 

Initial voltage 

Output voltage 


V.gx Screen grid-cathode voltage 


Voltage after a time ¢ 

Impedance 

Impedance in anode circuit of a valve 

Impedance in feedback circuit 

Impedance in cathode circuit of a valve 

Load impedance 

Input impedance of a network when the output is open-circuited 
Input impedance of a network when the output is short-circuited 
Impedance of the screen-grid circuit of a valve 


Factor expressing the magnitude of the inductance in a shunt- 
inductance amplifier 

Factor expressing the magnitude of the inductance in a series- 
inductance amplifier 

Frequency 

Cut-off frequency 

Frequency at which the reactance of C, equals R, 

Frequency at which the reactance of C; equals R,’ 

Turnover frequency, i.e. frequency at which the reactance of C, 
equals R, 

(i) In general, maximum frequency 

(ii) Frequency at which the gain of a valve falls to unity 

Resonance frequency of series and parallel LC circuits in phase 
equaliser 

Frequency at which the reactance of C,, equals R,,’ 

Mutual conductance of a valve, i.e. change in anode current per 
volt change in grid voltage 

Effective value of g,, when feedback is applied 

Change in anode current per volt change in screen-grid voltage 

Ratio of the two inductance values in phase equaliser 

Number of stages in multi-valve video-frequency amplifier 
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W, 


Weg 


PRINCIPAL SYMBOLS USED 


Factor equal to R,/R, Or gnRz 

Anode a.c. resistance of a valve 

Internal cathode resistance of a valve (=1/gn) 

Screen-grid a.c. resistance of a valve 

(i) Time in general 

(ii) Rise time of a pulse 

Normalised frequency in amplifiers, i.e. variable directly proportional 
to frequency (=f/fo) 

Variable inversely proportional to frequency (=/,/f) 

Normalised frequency in phase equalisers, i.e. variable directly 
proportional to frequency (=f/f,) 


Real part of feedback fraction 

Fraction of output voltage fed back (=Vyo/Vout) 

Imaginary part of feedback fraction 

Amplification factor of a valve 

Phase shift 

Angular frequency (=27f) 

Angular frequency at which the reactance of C, equals R, 

Angular frequency at which the reactance of C; equals R;’ 

Angular turnover frequency, i.e. frequency at which the reactance 
of C, equals R, 

Angular resonance frequency of series and parallel LC circuits in 
phase equaliser 

Angular frequency at which the reactance of C,, equals Rog’ 
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PART I: FUNDAMENTAL PRINCIPLES OF 
VIDEO-FREQUENCY AMPLIFICATION 


CHAPTER | 
AMPLITUDE AND PHASE CHARACTERISTICS 


1.1 INTRODUCTION 


IN Volume 1 the fundamental nature of the television waveform is 
described and it is shown to contain a number of frequencies 
which, in the British system, occupy the range from zero to 3 Mc/s. 
We shall now consider the problem of amplifying television signals 
and will show that the amplifiers used for this purpose (termed 
video-frequency amplifiers) must have a level amplitude-frequency 
response over this band and, in addition, must have a phase-frequency 
response which satisfies certain stringent requirements. 


1.2 FREQUENCY RANGE OCCUPIED BY VIDEO SIGNAL 


Although the frequency components of a picture signal occupy a 
wide frequency band, the spectrum is not continuous, the com- 
ponents being spaced at intervals as shown in Fig. 1, which represents 
the spectrum of a stationary picture. 

As indicated, there is a strong component at line frequency (taken 
as 10°125 kc/s) and components at multiples of this frequency. There 
is also a strong component at field frequency (50 c/s) and com- 
ponents at multiples of this frequency. If there are details which 
are scanned in one field but not in the next there is, in addition, 
a component at the picture frequency (25 c/s). Finally there is a 
zero-frequency component representing the average brightness of 
the picture. The amplitudes of the various components depend on 
the composition of the picture, and if there are a number of large 
areas of substantially uniform tonal value, the low-frequency har- 
monics are pronounced but if there is a wealth of fine detail the 
high-frequency harmonics are pronounced. 

If the picture contains movement, the spectrum becomes more 
complex due to the addition of further components. In effect, 
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some of the components corresponding to the stationary picture 
develop systems of sidebands symmetrically disposed about the 
frequency of the component. 

Although theoretically the harmonics of the line and field 
frequencies extend to an infinite frequency, it is impossible to transmit 
such a wide spectrum and no signals are transmitted above a certain 


oc LINE 2X LINE 
COMPONENT FREQUENCY FREQUENCY 


307 X LINE 
FREQUENCY 


Amplitude —_—_> 


wi Me 
re) 10,125e/s 20,250 c/s 3108 Mc/s 


Frequency ——> 
Fig. 1—Typical spectrum of the picture signal of a stationary scene 
upper-frequency limit. In Volume | it was shown that a practical 


upper limit for the video-frequency bandwidth of a television system 
is given by the expression 


a(L — Sp) 
Se es oe Ms 1 
Imax 2 (Tr __ S)) ( ) 
in which a@ = observed aspect ratio, 
£ = number of lines per picture, 


Sp = total number of lines per picture suppressed by the 
field-blanking periods, 

T; = time of one line, 

S, = line-blanking period. 


The derivation of expression (1) is given on p. 25 of Volume 1. In 
the British television system a = 4/3, L = 405, Sp = 28, T; = 98-7 
usec and S; = 18 usec, giving an upper frequency limit of 3-11 Mc/s. 
This implies that the highest harmonic of the line frequency 
18 


AMPLITUDE AND PHASE CHARACTERISTICS 


(10-125 kc/s) present in the video signal is the 307th corresponding 
to a frequency of 3-108 Mc/s. 

The video waveform contains sync signals in addition to picture 
signals and these also occupy a certain frequency band. The 
spectrum of the sync signals is similar to that of a picture signal; in 
fact the waveform of the line-sync signal is such that if it were applied 
to the input of a cathode-ray tube during the normal scanning period 
it would produce on the screen a vertical black bar with sharply 
defined edges. Similarly the waveform of the field-sync signal is 
such as to produce a horizontal black bar. It follows that the sync 
signals also have frequency components which are multiples of the 
field and line frequencies and theoretically extend to an infinite 
frequency. In practice the harmonics need only extend to a certain 
upper frequency limit, the value of which can be assessed by con- 
sidering the purpose of these signals. They are required to syn- 
chronise pulse generators and for this purpose the most important 
property of the sync signals is the time of rise of the leading edge 
which should be short to ensure precise operation of the generators. 


RISE TIME 


Fig. 2—Rise time of a pulse 


The meaning of rise time is illustrated in Fig. 2; it is defined as 
the time taken for the amplitude of a pulse to rise from 10 per cent 
to 90 per cent of its final value and it is related to the frequency 
range according to the expression. 


1 , 
Pe 4 #3 me bas (2) 
in which f = uppermost frequency 


t = rise time of the pulse. 

If the pulses were truly rectangular, the rise time would be zero and 
the frequency range occupied by the pulse spectrum would extend 
to infinity. In practice rise times must be finite because of the 
limited passband and in the line-sync pulses in the British television 
system the rise time is 0-2 wsec which, from (2), corresponds to a 
frequency limit of 2-5 Mcys. 
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Summarising the previous few paragraphs, we may say that an 
amplifier to reproduce the picture signal without distortion must 
have a satisfactory frequency response extending from zero frequency 
to 3 Mc/s, approximately. Any amplifier with such a response is 
also capable of amplifying sync signals without distortion. 


1.3 RELATIONSHIP BETWEEN PHASE AND TIME 

The phase response of a video-frequency amplifier is quite as 
important as its frequency response because deficiencies in either 
can cause distortion of the picture. In the circuits normally used 
in amplifiers, attenuation and phase distortion usually occur together 
but there are certain types of circuit in which phase distortion alone 
occurs. 

Any deficiencies in frequency response can be made good by the 
use of compensating networks in the amplifier but these inevitably 
introduce phase distortion. The latter can be reduced by the 
inclusion of some of the specialised networks mentioned above; 
these, if properly designed, do not affect the frequency response but 
give phase distortion offsetting that introduced by the amplifier; 
such networks, known as phase equalisers, are extensively employed. 

The concept of phase is important in television engineering because 
it is a method of stating time. It is essential, to avoid distortion, 
that details should be displayed at the right places in a reproduced 
picture and this necessitates the arrival of the video signals repre- 
senting details at the right time to enable the details to take up their 
correct positions in each horizontal and vertical scan. 

If a signal of frequency f is applied to an amplifier, the output 
has the same frequency but is not, in general, in phase with the input. 
This is because the signal takes a finite time, usually termed delay’, 
to pass through the amplifier. It is immaterial whether this pheno- 
menon is expressed in terms of the phase lag of the output relative 
to the input signal or as a time delay because these two quantities 
are related by the following simple expression. 

If the output signal lags on the input signal by ¢¢°, the phase lag 
is $g/360 of a cycle equivalent to 


where 7 is the time of one cycle. The periodic time T is given by 
1/f, f being the frequency of the signal. Thus 
_ p=-ft 
delay = D= 360F 8° 
If the phase shift is ¢, radians, the delay is ¢-/27 of a cycle equiva- 
lent to 
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delay = D = oF, 


2xf 
= Pr seq 
(43) 
Combining these two expressions for delay 
gr od x 
se B6up (3) 
in which D = delay in seconds, 
¢r = phase lag in radians, 


¢a = phase lag in degrees, 
w = angular frequency in radians per second, 
and f = frequency in cycles per second. 


For a single-frequency signal the delay is of no particular signi- 
ficance but video signals have a large number of harmonics all of 
which should take the same time to pass through the amplifier, 
ie., delay should be independent of frequency. From (3) this 
requires that the phase lag in the amplifier should be proportional 
to frequency. 

Any departure from strict proportionality between phase angle 
and frequency implies a variation of delay with frequency and causes 
distortion known as phase distortion or delay distortion. Delay in 
itself does not imply distortion. 

Summarising, to avoid distortion a video-frequency amplifier 
should have a level frequency response and phase shift proportional 
to frequency over the entire video band. 

In general, when the scanning agent in a television system moves 
along a scanning line it encounters a number of picture details 
each with its particular value of brightness. The picture signal 
generated as a result of this scan has a number of different levels 
corresponding to the tonal values of the elements as shown in Fig. 3. 

If two neighbouring elements have markedly different brightnesses, 
corresponding to a sharp vertical edge in the picture, the video signal 


*In this expression the phase lag ¢ must be positive to give a positive 
delay because f is necessarily a positive quantity. It is unfortunate that this 
does not agree with the convention usually adopted in vector diagrams. 
In such diagrams vectors are assumed to rotate in an anticlockwise direction 
and lagging phase angles have a negative sign. This sign should be ignored 
in calculations of delay. 


21 


TELEVISION ENGINEERING PRINCIPLES AND PRACTICE 


contains a large and sudden change of level as shown in Fig. 4. 
Such a step signal is a transient and its frequency components 
extend over the whole frequency band from zero to infinity. For 
this reason such a signal is useful for test purposes, any short-comings 
in the frequency or the phase response of an amphfier causing dis- 


White level 


Black level a | 


Distance 


Fig. 3—Part of a line of a television picture and the corresponding 
video signal 


tortion of the signal. In general, deficiencies in the response at 
frequencies well above the line frequency (say above approximately 
100 kc/s) cause distortion of the vertical edge of the waveform whereas 
deficiencies at frequencies well below the line frequency (say about 
the field frequency) cause distortion of the horizontal sections of 


VOLTAGE STEP 


x 


Voltage 


Time 
Fig. 4—-An infinitely-steep transient 


the waveform before and after the transition (see Fig. 5). Atten- 
uation and phase distortion will now be considered in more detail. 


1.4 ATTENUATION AND PHASE DISTORTION AT HIGH FREQUENCIES 


If a transient such as that shown in Fig. 4 is applied to an amplifier 
having a level frequency response and zero phase shift over an 
infinite frequency band, there is no delay and the output transient 
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is a perfect copy of the input, occurring coincidentally with it as 


shown in Fig. 6. 
If the amplifier has a perfect frequency response and phase shift 
is proportional to frequency over an infinite bandwidth, the step 


THESE PARTS AFFECTED BY LOW-— 
FREQUENCY DISTORTION 


‘ 


THESE PARTS 
AFFECTED BY 
HIGH - FREQUENCY 
DISTORTION 


Voltage 


g. 5—Portions of a step waveform affected by attenuation and 
phase distortion at high and low frequencies 


Fi 


_ 


INPUT STEP 
b 


OUTPUT STEP 


INPUT STEP 


Voltage 
Voltage 


, Time , \ 
Time pax—__—— DELAY ———___> 


(Left) Fig. 6—Voltage step as reproduced by an amplifier with 
a level frequency response and zero phase shift over an infinite 
frequency range. (Right) Fig. 7—Voltage step as reproduced 
by an amplifier with a level frequency response and phase shift 
proportional to frequency over an infinite frequency range 


waveform is reproduced as shown in Fig. 7; there is no distortion 
but the output is delayed by a time D after the input, D being related 

to the phase shift according to equation (3). 
Figs. 6 and 7 both represent the performance of amplifiers with 
responses extending to an infinite frequency. This is an unattainable 
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ideal and in practical amplifiers attempts are made to secure a level 
frequency response and phase shift proportional to frequency up to 
the limit of the video band. 


1.4.1 Rise Time 


Fig. 8 illustrates the effect of passing the step wave of Fig. 4 
through an amplifier with such a limited passband; it is assumed 
that the frequency response is perfect and that phase shift is strictly 
proportional to frequency over this band. The output pulse is 
delayed by an interval D, related to the phase shift as indicated in 
expression (3), and has a finite rise time (f), dependent upon the 
passband as indicated in expression (2). 

If the passband of the amplifier includes the whole of the videc- 
frequency band, the finite rise time of the output waveform will not 


OUTPUT 
STEP 


INPUT STEP 


Fig. 8-—A voltage step as reproduced by an amplifier with a level 
frequency response and phase shift proportional to frequency 
over a limited frequency range 


obviously degrade the quality of reproduced pictures. Sometimes, 
however, the passband of the amplifier is not adequate and at the 
upper end of the video-frequency range the response falls off and 
proportionality between phase shift and frequency is no longer 
maintained. As a result picture components above, say 2 Mc/s, 
may be delayed with respect to those around 100 kc/s. A step wave 
reproduced by such an amplifier has an appearance similar to that 
shown in Fig. 8. Because of the restricted passband the rise time 
is now long enough to have an appreciable effect on picture quality. 
This is illustrated in Fig. 9 which should be compared with Fig. 10 
which shows a substantially undistorted reproduction of the same 
test card. In Fig. 9 there is a loss of fine detail and a lack of sharp- 
ness of vertical edges, the overall effect being that of a blurred 
picture. 
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(Above) Fig. 9—An image of test card C as reproduced by a video-frequency amplifier with 
phase lag and amplitude loss at high frequencies. (Below) Fig. 10—An image of test card C 
as reproduced by a video-frequency amplifier which is reasonably free from distortion 
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Fig. 11—Step voltage as reproduced by an amplifier with overshoot 


Fig. 12—Image of test card C as reproduced by a video-frequency 
amplifier giving overshoot at high frequencies 


AMPLITUDE AND PHASE CHARACTERISTICS 
1.4.2 Overshoot . 


The performance of the amplifier can be improved by including 
in it certain circuits, described later, which have the effect of levelling 
the frequency response at the upper end of the video band. Although 
these have the beneficial effect of decreasing the rise time, thus 
improving definition, the consequent disturbance: of the phase 
relationships frequently causes the phenomenon of overshoot 
illustrated in Fig. 11. This is an effect which can be compared 
with that of inertia in mechanical systems and causes the voltage, 
after executing the transient, to exceed momentarily the final 
steady value. 

The effect of overshoot on a reproduced picture is illustrated in 
Fig. 12. Although the definition is better than that in Fig. 9, the 
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Fig. 13—-Waveform of a pulse with overshoot of the leading and 
trailing edges 


picture is marred by white borders on the right-hand side of black 
vertical lines and black borders following white lines. 

Overshoot may be defined as a momentary exaggeration of the 
amplitude of a step signal in which the exaggeration is in the same 
direction as the step. When it occurs on the leading and trailing 
edges of a pulse, the reproduced signal has the form shown in Fig. 13. 


1.4.3 Undershoot 


Sometimes inthe reproduction of a stepsignal, there is a momentary 
exaggeration of the amplitude in which the increase in amplitude is 
in the opposite direction to the step and occurs before it. This is 
known as undershoot and is illustrated in Fig. 14 which shows 
undershoot of the leading and trailing edges of a pulse. 
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1.4.4 Ringing 

If the correction circuits included in an amplifier to extend the 
frequency response give a sharp cut-off at the upper-frequency limit 
of the passband, the effect shown in Fig. 15, known as ringing, may 
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Fig. 14—Waveform of a pulse with undershoot of the leading and 
trailing edges 


be produced. This may be regarded as an extreme form of over- 
shoot in which the transient overswing persists as a damped oscilla- 
tion. Alternatively overshoot may be regarded as ringing in which 
the oscillation is critically damped. 

The effect of ringing on a picture is illustrated in Fig. 16. Vertical 
edges are reproduced with vertical black and white bars to the right, 
the bars becoming fainter as their distance from the edge increases. 
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Fig. 15—Input and output waveforms for an amplifier giving 
transient oscillations after transition 


The effect of ringing on a reproduced image can be made negligible 
if the frequency of the transient oscillations is made so high and 
their amplitude so small that they cannot be properly reproduced 
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Fig. 16—An image of test card C as reproduced by a video- 


frequency amplifier in which there is “* ringing ”’ 
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Fig. 17—Effect of phase equalisation on the response of amplifier 
to a voltage step input 


(Above) Fig. 18—An image of test card C as reproduced by a video-frequency amplifier giving 
short-term streaking. (Below) Fig. 19—Image of test card C as reproduced by a video-frequency 
amplifier giving long-term streaking 
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because of the aperture distortion of the scanning beam; the initial 
overshoot may even improve reproduction by exaggerating the 
contrast of the step signal. 

The phase disturbance caused by a correcting circuit in an amplifier 
may be reduced by use of a phase equaliser and Fig. 17 illustrates 
the effect of such an equaliser. The overall delay of the amplifier 
is increased but the amplitude of the transient oscillations after the 
transition, and the rise time, are both reduced. The equaliser also 
has the effect of introducing transient oscillations before the 
transition. 


1.5 ATTENUATION AND PHASE DISTORTION AT MIDDLE FREQUENCIES 


1.5.1 Streaking 


Attenuation and phase distortion can also occur at much lower 
frequencies, e.g. of the order of the line frequency. Signals at such 
frequencies have an appreciable variation in value during the line 
period and the effect of distortion is to cause irregularities in back- 
ground tone along the scanning lines. Such distortion causes 
incorrect illumination of elements immediately following details in 
the scene. Fig. 18 illustrates the effect of overshoot at such fre- 
quencies; every important black area is followed by a white streak 
and every white area by a black streak. In Fig. 18 the streaks are 
of relatively short duration, lasting for a fraction of a line length, 
but it is possible for the streaks to last longer than this. They may 
equal or exceed the line length, giving streaks right across the picture, 
as shown in Fig. 19. 

The streaks illustrated in Figs. 18 and 19 were produced by attenua- 
tion and phase distortion in an amplifier but similar effects can be 
produced by other causes. Streaks can be obtained, for example, 
from overloading of amplifiers and as a result of the afterglow in a 
flying-spot scanner. 


1.6 ATTENUATION AND PHASE DISTORTION AT LOW FREQUENCIES 


Attenuation and phase distortion commonly occur at field 
frequency or below, picture components being advanced or retarded 
in phase with respect to signals at say 100 kc/s. The line period 
represents such a small fraction of a cycle at such low frequencies 
that there is practically no change in tonal value during a period. 
Low-frequency components thus have little effect on picture defini- 
tion and can only affect the tonal value of the picture over a period 
of several lines. In other words these components control the back- 
ground tone of the picture and when distorted they cause irregularities 
of shading from the top to the bottom of the picture. 
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Since low-frequency components are not concerned with details 
of the picture, the type of distortion caused by low-frequency 
deficiencies in an amplifier can most easily be appreciated by con- 
sidering the reproduction of a scene without detail, for example a 
uniform white area. The video-frequency signal generated by 
scanning such a scene has a uniform level which is interrupted by the 
sync signals as shown in Fig. 20 (a). This illustrates a sample of 
the signal taken over a period of a few lines. 


1.6.1 Sag 


If the amplifier has a falling frequency response and a leading 
phase angle at low frequencies (as frequently occurs) such a video 
signal is reproduced as shown in Fig. 20 (b). Although the signal 
level does not change appreciably during the period of any particular 
line, there is a gradual drift towards black over the duration of a 
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Fig. 20—Video signal corresponding to a uniform white scene 

over several line periods (a) undistorted and (b) after distortion 

in an amplifier with amplitude loss and a leading phase angle at 
low frequencies 


number of lines. The precise form of the distorted waveform is 
perhaps better illustrated in Fig. 21. The wave shown at (a) is that 
corresponding to a uniform white scene over a period of several 
fields; line-sync signals are omitted for sake of clarity and the 
field-sync signals and field-blanking periods are shown in diagram- 
matic form only. After distortion by the amplifier the wave has 
the form shown at (b). 

It is assumed that the high-frequency response of the amplifier is 

erfect and thus the vertical edges of the wave are perfectly repro- 
duced. There is a sag in those parts of the wave which should be 
horizontal, these curves being, in fact, exponential. The picture 
corresponding to the waveform of Fig. 21 (b) is white at the top but 
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(Above) Fig. 21—Video signal corresponding to a uniform white scene over 
several field periods (a) undistorted and (b) after distortion in an amplifier 
with amplitude loss and a leading phase angle at low frequencies 


(Below) Fig. 22—Image of test card C as reproduced by a video-frequency 
amplifier with distortion at field frequency 
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gradually shades to grey at the bottom. Although this effect has 
been described in respect of a uniform white scene, it occurs no 
matter what the nature of the scene and the variation in background 
shading is superimposed on any details the picture contains. This 
is illustrated in Fig. 22. 


1.7 SIGNAL INVERSION 
When a signal is applied to the grid of an amplifying valve with a 


resistive load, the signal generated at the anode is inverted with 
respect to the input signal as shown in Fig. 23. This process has 
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Fig. 23—A sine wave is shown at (a), the effect of phase-shifting 
it by 180° at (b), and inverting it at (c) 


been described as phase-shifting the signal by 180°. This expression 
arose because, in the particular case of a sine wave, the processes of 
inversion and phase-shifting by 180° yield waveforms of the same 
shape, as illustrated in Fig. 23. The valve does not, in fact, introduce 
any phase shift; it cannot do so because, in an ideal valve, there is 
no inductance or capacitance to cause such phase shift. Moreover 
the action of a valve, at the frequencies with which we are concerned, 
may be considered as instantaneous; the output is not delayed to 
an extent equivalent to 180° phase shift. 

These points are also illustrated in the waveforms of Fig. 24. 
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The wave shown at (a) is unsymmetrical and is of the general form 
of a video signal. At (b) is shown the effect of putting wave (a) 
through a device having phase shift proportional to frequency (to 
avoid distortion), the phase shift at the fundamental frequency of 
the wave being 180°. Wave (c) shows the output of a valve amplifier 
when input (a) is applied to the grid. The difference between (b) 
and (c) confirms the point made above that the valve cannot be 
regarded as a source of phase shift; its effect is simply to invert the 
wave without introducing time delay. 
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Fig. 24—An unsymmetrical wave is shown at (a), the effect of phase- 
shifting the fundamental component by 180° at (b), and of 
inverting it at (c) 


The effect of adding a second valve amplifier is, of course, to 
restore the signal to its original (upright) form and, in general, we 
can say that the output signal of an amplifier with » amplifying 
stages of the conventional earthed-cathode type is inverted when n 
is odd and upright when zn is even. 


1.8 Group DELAY 

To avoid distortion in a video-frequency amplifier, the phase shift 
must be proportional to frequency, this being the condition for 
constant delay at all frequencies, as described in 1.3. If the 
relationship between phase shift and frequency for such an amplifier 
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is displayed graphically, it has the form of a straight line passing 
through the origin (Fig. 25). A feature of such a straight line is that 
its slope is constant at all points, being related to the delay thus 


tana=*=D a $4 Be (4) 


Angular frequency, w 
Fig. 25—Phase-frequency characteristic of an ideal amplifier 


The phase-frequency curve for a real amplifier may take the form 
shown in Fig. 26. This is approximately linear for frequencies up 
to a certain value, indicating nearly constant delay and low distortion 
at such frequencies. Towards the upper end of the passband, how- 
ever, the curve falls short of the ideal (shown dotted). A curve of 
this shape is typical of an amplifier having undesirably long rise 
times (Fig. 2) in its step response. 


Angular frequency, w 


Fig. 26—One possible form for the phase-frequency characteristic 
of a practical amplifier 


The delay of the amplifier is still given by expression (4), in which 
a is the slope of the chord from the origin to the curve at the point 
which corresponds to the frequency in question (not the slope of the 
curve itself). For example, the delay at the angular frequency , 
in Fig. 26 is given by tan a, where a, is the slope of the chord OP. 
At high frequencies the slope of this chord is less than that of the 
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ideal straight line OA indicating that the delay is less at these than 
at lower frequencies, this implying distortion. 

Another form the phase-frequency curve may take ts that shown 
in Fig. 27; this is approximately linear up to a certain frequency 
but then departs from linearity, the curvature being of opposite 


Angular frequency, w 


Fig. 27—Another form of a practical phase-frequency curve 


sign to that of Fig. 26. A curve of this shape usually implies that 
the amplifier has overshoot (Fig. 11) in its step response. The 
delay at ahigh angular frequency w, is given by tan a, where a, is 
the slope of the chord OP and this is greater than the delay at lower 
frequencies, implying the presence of distortion. 


Phase shift, ¢ 


Angular frequency, w 


Fig. 28—Phase-frequency relationship of a type giving serious 
distortion but little variation in delay over the passband 


If the amplifier introduces delay which varies over the passband, 
it inevitably distorts the waveform of complex signals passing through 
it. The variations in delay are not, however, a very sensitive indica- 
tion of the seriousness of the distortion. For example, Fig. 28 
shows a phase-frequency relationship which departs from strict 
proportionality quite markedly between the angular frequencies 
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w, and w,. An amplifier with such a characteristic would give 
serious distortion even though the departure from linearity is 
confined to a small frequency range. There is, however, very little 
difference between the slopes a, and a, of the two chords which 
measure the time delay at the two frequencies. Even a small change 
in delay may indicate considerable distortion. 

A more sensitive indication of the seriousness of any phase 
distortion is given by the slope of the curve itself, usually measured 
by the slope of the tangent to the curve at the point representing the 
frequency in question. In general, for a given non-linear curve, 
the slope of the tangent shows greater variations than the slope of 
the chord, particularly when the observations are taken over a re- 
stricted frequency range. In confirmation of this point, the slope 
of the chord in Fig. 28 varies from 1-2 at w, to 1-0 at w., a change 
of 1 partin 5. The slope of the tangent is 1-2 at w, and —0-35 
at w,, a much greater change. 


dw IDEAL RESPONSE 


Angular frequency, w 


Fig. 29—Group-delay-frequency characteristic of an amplifier 
tending to give overshoot in its step response 


The slope of the tangent is the envelope delay or group delay 
and is given by d¢/dw. This should be compared with the delay D 
(knownas the absolute delay or total delay) which, as already shown, 
is given by ¢/w. Group delay is so-called because it represents the 
delay of a small group of frequencies relative to that of frequencies 
immediately below the group. 

For an ideal amplifier, group delay is constant, i.e. independent of 
frequency, as shown in the dotted lines in Figs. 29 and 30, the 
numerical value of the group delay being of no particular significance. 
If, however, the amplifier is imperfect, group delay departs from a 
constant value and the shape of the group-delay-frequency curve 
indicates the type of distortion introduced by the amplifier. 

For example, if the group delay varies with frequency as in Fig. 29, 
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this indicates that the slope of the phase-frequency curve increases 
with frequency; the phase-frequency curve has the form shown in 
Fig. 27, which is that of an amplifier tending to produce overshoot 
in its response to a step input. If, on the other hand, the group 
delay-frequency curve has the form shown in Fig. 30, this indicates 
that the slope of the phase-frequency curve decreases with frequency. 


Group IDEAL RESPONSE 


Angular frequency, w 


Fig. 30—Group-delay-frequency characteristic for an amplifier 
tending to give appreciable rise times in its step response 


The shape of the corresponding phase-frequency curve is as shown 
in Fig. 26, which is that of an amplifier giving a slow build-up, 
i.e. appreciable rise time in its step response. 

It is not impossible for the phase-frequency characteristic of an 
amplifier to have a phase advance over a limited frequency range: 
such a characteristic is that labelled a = 2 in Fig. 44 on page 65. 
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Fig. 31—A low-pass filter introduces a time lag T, and an amplifier can give 
a time advance T, if it has an absolute phase advance over the pass-band of 
the filter 


This means that a signal whose components are limited to this 
particular frequency range is advanced in time as it passes through 
the amplifier. This point is worth considering in more detail. 
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To measure the advance or delay of an amplifier a signal with a 
distinctive feature such as a steep edge is necessary: the step shown 
in Fig. 31 (a) is such a signal. To test the amplifier this signal 
must be passed through a network such as a low-pass filter which 
restricts the spectrum of the signal to the frequency range over 
which the amplifier is to be tested. The output of the filter has a 
form similar to that shown in Fig. 31 (b): the output is distorted 
but the step is still obvious and is delayed by a time T, relative to 
the initial input. This signal is now applied to the amplifier under 
test which gives an output with a waveform similar to that shown 
at Fig. 31 (c). There is a time advance of T, between the output 
and the input of the amplifier but the output is still delayed relative 
to the initial signal (a) and there is therefore no absolute time 
advance in the system as a whole. 

Measurements of phase response are not usually made at fre- 
quencies below a middle frequency such as 100 kc/s because the 
performance of an amplifier at low frequencies is more easily 
assessed in other ways (e.g. by stating the sag in a reproduced 
square-wave testing signal). For this reason the phase-frequency 
curves in Figs. 26 to 31 are dotted over the low-frequency range. 

In general, video-frequency amplifiers consist of two or more 
valves coupled by circuits containing inductance, capacitance and 
resistance. Some of these components control the frequency and 
phase response at the high-frequency end of the band whilst others 
control the low-frequency response. These two groups of com- 
ponents function to a large extent independently and can be described 
separately. In Chapters 2-9 the various circuit techniques used to 
obtain the desired high-frequency response are described; those used 
to give the required low-frequency performance are considered in 
Chapters 10-14. An amplifying stage can incorporate any one of 
the high-frequency circuits together with any one of the low-frequency 
circuits, making possible a large number of different arrangements 
for each of the stages of a video-frequency amplifier. 


APPENDIX A 


TEsT CARD C 


The BBC test card C (Fig. 10) has been designed to give an 
indication of the performance of a television chain and includes 
the following patterns each intended to assess a particular charac- 
teristic of the system. Although the card serves as a good check on 
the performance of video-frequency amplifiers in the chain, many of 
the patterns are intended to test other aspects of the system. 
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Aspect Ratio. The concentric black and white circles surround- 
ing the five-frequency gratings appear circular when the 
width and height of the picture are adjusted to give the standard 
aspect ratio of 4: 3. 


Resolution and Bandwidth. Within the circles there are two 
groups of frequency gratings each consisting of five gratings 
with vertical black and white stripes corresponding to funda- 
mental frequencies of 1-0, 1-5, 2-0, 2-5 and 3-0 Mc/s. In the 
left-hand group the 1-0 Mc’s grating is at the top, the fre- 
quency increasing towards the bottom and in the right-hand 
group the order is reversed. 


Contrast. At the centre of the card is a 5-step contrast wedge 
of which the top square is white and the lowest black. The 
three intermediate squares should be reproduced as pale, 
medium and dark grey. 


Scanning Linearity. The background of the card is a middle 
grey and has a network of white lines. The areas enclosed 
between the lines should be reproduced as equal squares. 


Separation of Picture and Sync Signals. The border of the 
test card consists of alternate black and white rectangles. If 
the reproducing equipment does not separate picture and 
sync signals properly, this chequer board shows up the defect. 


Low-frequency Response. At the top centre of the card is a 
black rectangle within a white rectangle; in a perfect system 
this is reproduced as a rectangle of uniform black on a clean 
background. Any streaking in the system will show up 
against this white ground. 


Reflections. Reflections may occur in propagation or in the 
receiving installation and are indicated by two single vertical 
bars, one white on a black ground and the other black on a 
white ground which should be reproduced without images on 
the right-hand sides. These bars also show up overshoot or 
undershoot. 


Uniformity of Focus. In the corners of the card are sets of 
diagonally-disposed black and white stripes corresponding to 
a frequency of approximately 1 Mc/s. All four sets should 
be uniformly resolved. 


PART II: VIDEO-FREQUENCY AMPLIFICATION: 
HIGH-FREQUENCY CONSIDERATIONS 


CHAPTER 2 


SIMPLE RC-COUPLED CIRCUIT 


2.1 INTRODUCTION 


THE simplest type of amplifier which can be used for video 
amplification is the simple RC-coupled amplifier, the circuit of 
which is given in Fig. 32. This diagram illustrates the principal 
components required in such an amplifier but does not indicate all 
the components that exist in the circuit and which can affect the 
high-frequency performance. For example, Fig. 32 does not show 
the capacitance between the anode of the valve and h.t. negative: 


{ 
INPUT Rg 
{ 
t 


Fig. 32—Fundamental circuit of RC-coupled amplifier 


this capacitance is important because it is effectively in parallel 
with the anode-load resistor Rg and controls the frequency and phase 
response of the amplifier at high frequencies. 


2.2 SOURCES OF SHUNT CAPACITANCE 


The total capacitance C; in parallel with Ra has a number of 
sources but the principal ones are indicated by the dotted lines in 
Fig. 33 (in which the valves may be pentodes). These are: 

(a) The output capacitance Cy of valve V1. This is composed 
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of the anode-cathode, anode-suppressor grid and anode-earth 
capacitances of the valve but the valve-holder and associated 
- wiring also make a contribution. 

(b) The input capacitance C; of valve V2. For a pentode of the 
type commonly used in video amplifiers this is chiefly the 
grid-cathode capacitance cy, and control grid-screen grid 
capacitance Cg 19. of the valve. Fora triode valve, however, the 
input capacitance can be many times the physical grid-cathode 
capacitance because of feedback, known as Miller effect, from 
the anode circuit to the grid circuit via the anode-grid capacit- 
ance Cag. For a pentode cag is commonly 1/1,000th of that 
for a triode and Miller effect need not usually be taken into 
account in video amplifiers employing pentodes. 
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Fig. 33—-Chief sources of capacitance shunting the anode resistor 
of an RC-coupled amplifier 


(c) The capacitance C of the coupling capacitor Cy to ht. 
negative. Cy is commonly 0-1 uF but is sometimes as large 
as 1 »F. Such capacitors must generally be rated to stand 
350 volts and are large enough physically to have a capacitance 
of several picofarads to h.t. negative. 


The total shunt capacitance C; can therefore be expressed as the 
sum of the above sources thus: 


CRE CAO a Ss SS 


2.3 EFFECT OF SHUNT CAPACITANCE ON FREQUENCY RESPONSE 


Fig. 34 shows the complete circuit of a stage of RC-coupled 
amplification which employs a pentode valve. At middle frequencies 
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such as 100 kc/s the reactance of the anode-decoupling capacitor Cy 
(which is in series with Rg) is negligible compared with Ra. More- 
over, the reactance of C:, which is in parallel with Ra, is very large 
compared with Ry. Thus Rg is the effective anode load and the 
gain is approximately gmRa. As frequency is increased the reactance 
of C; falls and becomes comparable with Ra, reducing the effective 
value of anode load and the gain. At still higher frequencies the 
reactance of C; becomes small compared with Rg, and 1/wC; 
becomes the effective load. Since the load is now inversely pro- 
portional to frequency, the gain is also inversely proportional to 
frequency and the frequency-response curve at high frequencies 
falls at the rate of 6 db per octave. The ideal frequency response 
is, of course, a level one and the effect of shunt capacitance is 


oHT+ 


Fig. 34—-RC-coupled amplifier with all decoupling components 


undesirable. The circuits described subsequently are for the most 
part designed to offset the shunting effect of C; and thus to extend 
the high-frequency response. 


2.4 EFFECT OF SHUNT CAPACITANCE ON PHASE RESPONSE 


The way in which the shunt capacitance affects the phase response 
is best illustrated by vector diagrams. At middle frequencies, where 
Cy and C; both have negligible effects, the load is predominantly 
resistive and the phase relationship between grid potential, anode 
current and anode potential is as illustrated in Fig. 35. The 
alternating component of the anode current J is in phase with the 
grid-cathode voltage Vj,; the alternating anode potential Va, is in 
antiphase to the anode current and the grid voltage. 
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At high frequencies the reactance of C; is comparable with Ra 
and the load is appreciably capacitive. The voltage generated 
across such a parallel RC network lags on the current passing 
through it and thus the output voltage of the RC-coupled amplifier 
at high frequencies lags relative to its phase for a resistive load. 
The vector diagram now has the form shown in Fig. 36. The 
dotted line represents the phase of the output voltage for a resistive 
load and Vax indicates the phase for a capacitive load. The angle 
of lag is ¢ which varies from zero at middle frequencies to a maxi- 
mum of 90° at very high frequencies. 

If ¢ is proportional to frequency, this variation of phase angle 
is not important because it indicates delay, but not distortion, of 
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Fig. 35—Vector diagram illustrating the phase relationships in 
an RC-coupled amplifying stage at middle frequencies 
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Fig. 36—Vector diagram illustrating the phase relationships in an 
RC-coupled amplifying stage at high frequencies 


the signal. If, however, the relationship departs from proportion- 
ality, distortion is inevitable. The initial part of the ¢-f curve for 
a simple RC-coupled amplifier is, in fact, a good approximation 
to the ideal straight line as shown in the following description. 


2.5 GAIN 


If the valve in Fig. 34 is replaced by its equivalent generator, the 
circuit has the form shown in Fig. 37(a) at high frequencies. The 
effective anode load is composed of Ra and C; in parallel and is 
given by 

a JRaXct_ 
* RatjXet 
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where X¢; is the reactance of C;. Replacing Yc by —1/wC; and 
rearranging we have 


ba ft 
fae eR 7 me ne (6) 
From Fig. 37(a) we have 
Vox 
fal. e a we, 
Ta + La ( ) 


in which » and 7 are, respectively, the amplification factor and 
anode a.c. resistance of the valve, and J is the alternating component 
of the anode current. Fig. 37(a) also shows that the output voltage 
Vout is given by 


V out — Za oe oe 6 (8) 


Fig. 37—The equivalent circuit of an RC-coupled stage with the 
valve regarded (a) as a constant-voltage generator and (b) as a 
constant-current generator 


Combining (7) and (8) to obtain the gain A of the valve, we have 


Vout = uLa 


A= = ee 9 
Vox ta + Za 2 


At low frequencies the shunting effect of the reactance of C; is 
negligible and expression (9) becomes 


Vout Ra 
ee 10 
Vor Ta + Ra (10) 
Since », Ra and rq are all essentially positive quantities, Vout/Vgx 
must also be positive. This implies that Vous and Vjz are in phase 
whereas in fact they are in antiphase. A minus sign is generally 
introduced into expressions such as (9) to indicate the phase 
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relationship between Vous and V,x%. The expression we shall use 
is thus 
Vout 


Bs 


_ _ La 
SS at 


In video-frequency amplifiers the impedance Z, of the anode load 
is usually small compared with the anode a.c. resistance of the 
valve and expression (11) may be rewritten 


Ay ss" o Za 
la 


—— — ImZa ete 348 es (12) 


where gm is the mutual conductance of the valve. Substituting for 
Za from (6) we have . 


Vout 
His 
Vor 
a &mRa 
a + .. (13) 


Because Z, is small compared with rq, the valve can be represented 
as a constant-current generator as in Fig. 37(b). Expression (12) 
follows directly from consideration of this equivalent circuit. 
Expression (13) may be rewritten 
_ Vout 


= 
Vor 


gmRa 
— Loo as as fs 14 
1 + jwlos (14) 


in which wy = 1/RaCz, i.e. wy is the angular frequency at which the 
reactance of C; equals Rg. 


2.6 FREQUENCY RESPONSE 


Expression (14) gives the gain of the amplifier at any frequency. 
In order to assess the shunting effect of C:, we shall compare the 
gain at frequencies for which C; has an effect with the gain at low 
frequencies when the effect of C; is negligible. The effect of C; 
is usually negligible at frequencies below approximately 100 kc/s 
and we shall take this medium frequency as a reference frequency. 
The gain at medium frequencies Ams is equal to the gain at low 
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frequencies and can be obtained by putting w equal to zero in 
expression (14); this gives 
Amf = &mRa oe oe oe (15) 


Expression (14) gives the gain at high frequencies (Any) and com- 
bining this with expression (15) we have 


Ant = 1 
Amf l ++ jx 
in which x = w/w, and is directly proportional to frequency. In 


(16) Ans/Ams is a complex quantity, the numerical value of which 
is given by 


(16) 


Ang 1 

Amp = VL + x?) 
Thus the frequency response of the amplifier may be calculated from 
the expression 


(17) 


response in db = 20 log, Ang 


Amf 


20 logo I/V/(1 + x”) 
— 20 logioV(l + x”) 
— 10 log,,(1 + x?) .. es .. (18) 
If x = | the high-frequency response is —3 db relative to the medium- 


frequency response. The frequency at which x = 1 is easily obtained 
from the relationship x = w/w). We have 


I 


acer 
a) 
WW = Wy 
parranre 1 
~ Racy 
ae eee 
ae. HS we 11D) 


At the frequency given by this expression the frequency response is 
3 db down; this frequency is sometimes known as the turnover 
frequency. Expression (19) can be made the basis of a method 
for measuring the total shunt capacitance of an amplifying stage. 
A reasonably low value of Ra is chosen (say 2 kQ) and the output 
voltage is noted for a certain input at a low frequency (say 1| kc/s). 
The frequency is then determined for which, with the same input 
amplitude, the response falls to 71 per cent (corresponding to 3 db 
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loss). The total stray capacitance can then be determined from the 
expression 
l 
C= oe (20) 
For example if the turnover frequency is measured as 5 Mc/s with 
Ra equal to 2 kQ, the total shunt capacitance is given by 


1 
Ct = 6584 x 5 x 108 x 2x 102 


= 15:9 pF 


Expression (18) is plotted in Fig. 38; this is a universal frequency- 
response curve applicable to all RC-coupled stages provided wy is 
taken as the turnover frequency, i.e. the angular frequency for 
which the reactance of C; equals Ra. As already shown mathe- 
matically the loss of the circuit is 3 db when x = 1 (ie., at 
the turnover frequency); the loss is 7 db one octave higher at 
x = 2 and is 10 db when x = 3. For higher values of x the curve 
tends to become linear with a slope of 6 db per octave. In fact at 
high frequencies the curve becomes asymptotic to the line (shown 
dotted in Fig. 38) having a slope of 6 db per octave and passing 
through zero loss at the turnover frequency. 


Numerical Example 


A numerical example will make clear the use of the curve. 
Suppose an RC-coupled stage is required to have a frequency re- 
sponse level within 1 db up to 3 Mc/s. The total shunt capacitance 
is 25 pF and the valve has a gm of 8 mA/V. What value of anode 
load must be used and what is the stage gain? 

From Fig. 38 the response is —1 db when x = w/w) =0°5. But 
w = 2nf = 27 x 3 x 108 rad/sec. 


wy = 27 X 6 X 108 rad/sec 


i.e., the turnover frequency for this circuit is 6 Mc/s. 
Since wy = 1/RaC: 
1 
seer! 
8 hs toe 2 ok He i ls aA an Bead 9 
~ 24 xX 6 X 108 x 25 x 107! 


= 1,060 0 


SIMPLE RC-COUPLED CIRCUIT 
The stage gain is given by 
A= &mRa 
= 8 x 10-* x 1,060 
= 8-5 approximately 
This is the greatest gain possible with the given valve and for 
the required frequency response. If a greater value of Ra is used, 
the gain at low frequencies is higher but the loss exceeds 1 db at 


3 Mc/s; if a lower value of Ra is used the loss is less than 1 db at 
3 Mc/s but the gain is less generally. 


Response, db 


O-2 03 O04 O5 O7 me) bs 20 2530 40 5-0 
Value of x 
OE ee Ne ee a a a ee 
i) 2 2530 40 50 re) 10 IS 
Frequency, Mc/s for fo =6Mc/s 


Fig. 38—Universal frequency-response curve for simple RC-coupled 
amplifier 


Fig. 38 can be used to give the frequency response directly for 
any values of C; and Ra by placing a logarithmic frequency scale 
along the horizontal axis. The length of one cycle, i.e., the interval 
corresponding to a 10: 1 change in frequency on this scale must 
equal that for 1 cycle on the original graph and the turnover 
frequency on the new scale must coincide with the point where 
x = 1 on the original graph. 

In Fig. 38 the logarithmic frequency scale for the numerical 
example has been included. On this scale 3 Mc/s locates with 
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x =0-5 and 6 Mc/s with x = 1. From the curve the response can 
be seen to be —3 db at 6 Mc's and —9 db at 15 Mc/s. 


2.7 PHASE RESPONSE 
Expression (14) can be written in the form 


pypee eee ee _ .. (21) 


and, from the concept of the constant-current generator, gmVox is 
equal to /, the alternating component of the anode current 


IRa 


tae V oui =) 1 + jx oe (22) 
Rationalising this we have 
V out — Ra ; JxRa 
I [+x? © 1 + x? Co 


This is of the form (R + jX) and the phase difference between Vout 
and J is given by tan —LY/R, i.e. 


@ =tan-1—x 


= —tan-lx 5 be .. (24) 


The negative value of ¢ implies that the phase angle between Vous 
and /is between 90° and 180° when the angle is measured in an anti- 
clockwise direction; the vectors thus have the same relative positions 
as Va; and J, in Fig. 36 and this indicates that Voue lags on the 
anode current by a phase angle which is larger than for a purely 
resistive load. Thus a negative value of ¢ implies a lagging phase 
angle. 

Expression (24) is plotted in the form of a curve in Fig. 39. 
This shows that the relationship between phase shift and frequency 
is substantially linear up to a value of x of approximately 0-5. 
This was the frequency limit chosen in the numerical example and 
the constants evaluated for that example would therefore give a 
reasonable performance in a video-frequency amplifier. For values 
of x above 0:5 the ¢ —x curve shows curvature of the form which 
indicates appreciable rise time in a simple circuit. 

The slope of the curve in Fig. 39 can be determined in the following 
way: If the negative sign of ¢ is ignored, the equation to the curve 
is given by 

@ = tan-!x ee B we. 25) 
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which may be written 


x =tan¢d re oe .. (26) 
From this 
Ce 
ie sec*d 
= 1] + tan’¢ 
=[+ x? 


Phase shift, degrees (lagging) 


Value oF x 


am ca aa Pm 
Oo ' 2 3 6 9 


Frequency , Mc/s for fo =6 Me/s 


Fig. 39—Universal phase shift-frequency curve for simple 
RC-coupled amplifier 


The slope of the curve is thus given by 
CPD. xn ee ox YON 
At the origin (w = 0) the slope is equal to unity if ¢ is expressed 


in radians but 57-3 if, as in Fig. 39, ¢ is expressed in degrees. If 
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this slope had been maintained for all values of x, the curve would, 
of course, be a straight line passing through the origin. Phase 
shift would then be directly proportional to frequency, which is 
one of the ideals aimed at in video-frequency amplifier design. 
Thus a straight line passing through the origin with a slope of 
57:3 may be regarded as the ideal phase-frequency characteristic for 
a simple RC-coupled amplifier and any imperfections in the phase 
response can be measured by the deviations of the practical 6—f 
curve from this straight line. The practical 6—f curve agrees well 
with the straight line at low frequencies (small value of x) but 
departs from it more and more as frequency increases. 


Numerical Example 


At x = 0-5 the practical characteristic differs from the ideal by 
28°65 — 26°57 = 2-08°. If, as in the numerical example quoted 
earlier, the upper passband limit is 3 Mc/s, this phase shift 
corresponds to a variation in delay given by 


from expression (3). Substituting for ¢ and f 
2:08 
BO 6G es 108 
2-08 a 
3600x3 
= 0-002 usec approximately 


A variation in delay as small as this will have negligible effect on 
the quality of the reproduced picture. In fact the variation can 
approach 0-1 usec before the quality of a picture becomes noticeably 
affected. Thus approximately 50 such RC-coupled stages can be 
used in cascade before the overall variation in delay approaches 
the limiting value. The gain per stage is, however, quite low (8°5 
approximately). 


2.8 GROUP DELAY 


The group delay dd/dw of a circuit gives a more sensitive indication 
of phase distortion than the phase-frequency characteristic itself. 
A generalised group delay curve for a simple RC-coupled stage is 
given in Fig. 40. This shows the variation in dd/dx with x and 
thus does not give values of group delay directly; the ordinates are, 
however, directly proportional to group delay because d¢/dx is 
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equal to wy.d¢/dw. To obtain group delay, the ordinates should 
be divided by w). Gouriet* has termed d¢/dx, rormalised group 
delay. Since a negative phase angle implies a positive time delay, 
d¢/dw and d¢/dx are positive quantities. 

The normalised delay is 1 at x = 0, 0-8 at x =0°5 and 0°5 at 
x =1. Ideally, group delay should be constant and a good 
approximation to constancy can be obtained by making the upper 
frequency of the passband correspond to a small value of x. Since 
X = w/w, and w is fixed by the passband limit, this can only be 
done by choosing a high value of wo. AS wy = 1/RaCz and Cy is 


Normalised group delay, d$/dx 


Value of x 
So rd 
oO lt 2 3 6 9 


Frequency, Me/s for f,=6 Mc/s 


Fig. 40—Universal normalised group delay-frequency curve for 
simple RC-coupled amplifier 


fixed for a given valve, a larger value of wy implies a low value of 
Rag and hence low gain. Thus for a given valve the phase response 
can only be improved by sacrificing gain. 


Numerical Example 


As already shown, if an RC-coupled stage is required to operate 
up to 3 Mc/s, a satisfactory performance in respect of phase shift 
can be obtained by making w, correspond to 6 Mc/s. The upper 
frequency limit then occurs at a value of x of 0-5, for which the 
normalised group delay is 0-8 compared with 1 at x = 0. 


*G. G. ~ Gouriet, “VF, Amplifier Couplings.’ Wireless Engineer, 
October-November 1950. 
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As examples of the calculation of group delay we will calculate 
the value of dé/dw for this particular amplifier at two frequencies. 
In general 


dp 1 dd 
doy eee 7 oe oe oe (28) 


w, dx 
If wy corresponds to 6 Mc/s, the group delay at zero frequency is 
given by 
dp eae i 2 et s sec 
dw 6-284 x 6 x 108 
= 0:0265 x 10-6 sec 


= 0:0265 psec 
At 3 Mc/s (x = 0-5) the group delay is given by 
OO EN an ahs 
dw  6:284 x 6 x 108 
= 0-0212 psec 


The difference in group delay at the two extremes of the band is 
thus 0-005 psec, representing a very small departure from constancy. 


2.9 RESPONSE TO VOLTAGE STEP 


The performance of a video-frequency amplifier has so far been 
expressed in terms of the steady-state amplitude-frequency response 
(e.g., Fig. 38), and the steady-state phase-frequency response (e.g., 
Fig. 39); both curves can be obtained from the results of tests 
using sinusoidal input signals. From the information contained in 
these curves the response of an amplifier to a step signal can be 
deduced. 

There is, however, an alternative method of investigating the 
performance of a video-frequency amplifier and that is by observing 
the waveform of the output when a square-wave input is applied 
to the amplifier. A recurring square-wave signal can be regarded 
as a succession of alternate positive and negative step signals. 

When a voltage step is applied to the grid of a valve, a corre- 
sponding current step is applied to its anode load. If the load has 
the form of an RC circuit as in Fig. 34, the voltage developed 
across the load has an exponential rise given by the expression 


Vout = IR,(1 = e74/F 4°) o- oe (29) 


in which J is the amplitude of the anode-current step. This 
expression is derived in Appendix B, page 52. 
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As ¢ increases, the term in e decreases and ultimately reaches 
zero. Thus the final amplitude is Rag and (29) may be rewritten 
amplitude at time ¢ 


aC es a) 2s ap Rwe 
final amplitude reread aa JY) 


From this expression a generalised curve can be prepared to 
illustrate the output waveform for all simple RC-coupled amplifiers. 


Percentage of Findl amplitude 


Y i 
Value of t/RgCe 
J t 


tt _—_—_ +> ow—X—X—mraesons9 
° 6 002 0:04 006 008 O10 0-12 O14 ° O16 
a 7m 
Time, microsecs for RgCt = O-O27microsec (fg=6 Mc/s) +> 


Fig. 41—Universal curve showing step response of a simple 
RC-coupled amplifier 


In this curve, given in Fig. 41, t is expressed in terms of RaC;, the 
time constant of the anode load. When t = RaC; (30) gives 


amplitude at time f 

final amplitude 

=1-— lie 
= |] — 0-37 

= 0-63 

i.e., the output amplitude is equal to 63 per cent of the final © 
amplitude at a time equal to the anode time constant after the 
application of the input step; this, of course, is one of the ways 
in which the term time constant can be defined. This simple 


relationship is very useful, for it can often be used to give a quick 
guide to the performance of a circuit. 


=1—e} 
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Numerical Example 


Fig. 41 shows that the rise time, i.e., the time taken for the output 
to increase from 10 per cent to 90 per cent of its final amplitude 
is approximately 2:2RaC;; in the numerical example mentioned 
earlier this is equal to 2-2 x 1,080 x 25 x 10-!2 sec = 0:06 psec. 
As shown in Fig. 41 the curve can be made to apply to the numerical 
example by placing a time scale along the horizontal axis so that 
the time constant (RaC; = 1,080 x 25 x 10-12 sec = 0-027 psec) 
coincides with t/RaC; = 1. 

The dotted curve in Fig. 41 shows how the anode potential falls 
when a positive voltage step is applied to the grid; the curve is 
similar in shape to the solid one but is inverted. The negative 
voltage step is assumed applied at a time given by t = 5/RaC; and 
fall times should therefore be measured from this point. The 
combination of the two curves gives the response of the amplifier 
to a single square input pulse. 

Fig. 41 thus illustrates the step response of a simple RC-coupled 
amplifier for an infinitely-steep transient input. In practice, input 
transients are not infinitely steep but have a finite rise time. The 
output of a simple RC-coupled amplifier for an input pulse with a 
finite rise time is similar in form to that illustrated in Fig. 41 but, 
of course, the rise time of the output depends on the rise time of 
the input signal and that of the amplifier (for an infinitely steep 
transient). 


APPENDIX B 


CHARGE AND DISCHARGE OF A CAPACITOR IN A RESISTIVE CIRCUIT 


THE circuit in Fig. B.1 shows a capacitor C and a resistor R 
connected in series. When such a circuit is connected to a source 
of steady e.m.f. as illustrated, the capacitor acquires a charge and 
the voltage across C rises until it equals the source emf. It is 
the purpose of this appendix to deduce the law connecting the 
voltage across C and time when the e.m.f. is suddenly applied. If 
the e.m.f. is short-circuited when C is fully charged, the capacitor 
discharges through R and the voltage across it falls; the law of 
this fall in voltage is also deduced in this appendix. The problems 
are most easily solved if q (the charge on the capacitor plates) is 
treated as the variable. 

If the charge on the capacitor plates is g, the voltage across C 
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is qg’'C. The voltage across R is given by Ri where i = dq/dt. 
Thus equating voltages in the circuit 


_p 414 
Pe Re Ge 
from which 
dq q an es 
dt ' CR R 


This equation is most readily solved by multiplying by e /R° ive., 

et/RC| We have 
dq ere q  atirc — V otire 
poke Top: & = Re 


which may be written 


d V 
. tiRC) — _ et/RC 
dt Ge RR 


i R 
+ 
| 
Fig. B.1—Circuit of capacitance and resistance q 
connected to a source of e.m_f. Vv Cc 
, =q 
| 
| 
Integrating 
g.et RC = CV et RC + A 
where 4 is the constant of integration. Thus 
g= CV + Aet RC iy ee te OD 


Let V = V, and suppose g = 0 when tr = 0. This is true when the 
capacitor is initially discharged and when a steady voltage V, is 
suddenly applied to the circuit. Putting V = V, in equation (1) 


g =CV, + Ae tRE 
Substituting g = 0 and r = 0 gives 
0=CV,-+A 


-A=—CY¥, 
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Substituting for A in (1) 
q=CVi(1—e RC), v Se (2) 


This equation shows that g approaches CV, as t approaches infinity. 
Thus CV, is the limiting value g, of the charge on the plates. 

The voltage across C at any instant ¢ is given by g/C and from 
expression (2) is given by 


V= OF o(1 — e-t/RC) sk Ber IC) 


This equation shows that the voltage V approaches the applied 
value V, as ¢ approaches infinity. 

If the source of external voltage is short-circuited when the 
capacitor has finally acquired the applied voltage, the ensuing 
relationship between q and ¢ can be obtained by putting V = 0 in 
expression (1). We have 


gq = Ae-t/RC ep - oe eC.) 


Moreover suppose the charge on the capacitor is CV, when t = 0. 
Substituting in (4) 


CV, — A 
Thus the final solution is given by 
q = CV ,e7t/RE 


and the variation of the voltage across the capacitor is obtained by 
dividing by C thus 


[Ps a= pe HRC 
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SHUNT-INDUCTANCE CIRCUIT 


3.1 INTRODUCTION 


IN the previous chapter we have shown that a simple RC-coupled 
circuit can be used as a video-frequency amplifier but, to obtain 
satisfactory amplitude-frequency and phase-frequency charac- 
teristics, the anode load and hence the gain must be kept low. 
It is possible to design circuits to give higher gain for the same 
frequency response or, alternatively, a better frequency response 
for the same gain; the first of these circuits to be described is that 
shown in Fig. 42 (a), known as the shunt-inductance circuit. 

The circuit is similar to that of a simple RC-coupled circuit 
(Fig. 34) but has an inductor L, connected in series with the anode 
load resistor Rg. Although in series with the valve and anode 
resistor, this inductor forms part of the shunt arm of the equivalent 
network (Fig. 42b) coupling the valve to the next stage and this fact 
gives this circuit its name. 

At low frequencies the circuit of Fig. 42 (a) behaves as a simple 
RC-coupled amplifier having a gain of gmRa, the reactance of L, 
being negligible at these frequencies. 

The value of L, is so chosen that its reactance is appreciable (thus 
maintaining gain) at those frequencies where the simple RC-circuit 
begins to show a fall in gain. 

In the equivalent circuit given in Fig. 42(b), the valve is represented 
as a constant-current generator. 


3.2 GAIN 


The gain of a shunt-inductance stage may be expressed by the 
general formula 
V out 
A= 
Vox 


ae ee ImLa ae oe. oe (31) 


in which Z, is the impedance of the network L,RaC; and is given by 
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Fig. 42—Shunt-inductance circuit (a) and its electrical equivalent (b) 


SHUNT-INDUCTANCE CIRCUIT 


: ] 
ee iG, 


La 


’ 1 
Ra + joLl, = iG 


Ra + Joly 


GC GRa = Oa Cece ah ~ 232) 
Combining (31) and (32) 
V, 
A Y ou 
Vok 
— &m(Ra + jwLy) .. (33) 


~ jwCyRa — wh CG; + 1 


This can be more conveniently expressed by making the following 
substitutions :— 


Wo = 1/RaCt ee o. oe (34) 
x = w/a ahs o oe (35) 
L, = aR’: .. o .. (36) 


Substitutions (34) and (35) were also used in the analysis of the 
simple RC-coupled circuit. From substitution (36) we can deduce 
that a is a numerical factor which expresses the magnitude of the 
inductance in terms of the anode resistor and the shunt capacitance. 
Making these substitutions in (33) we have 


Vout 
Ase ee 
Vox 

_ _ &mRa(l + jax) 

1 + jx — ax? 


3.3 FREQUENCY RESPONSE 


The gain of the circuit at medium frequencies (Ams) is given by 
— 2mRaq and we can thus say 


Ang st Jax | 
ie ae he .. (37) 


from which 


Ang ( | an 
Ang af (1 — ax’)? + x? 8) 
which gives the relative frequency response in terms of x (directly 
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proportional to frequency) and a, the size of the inductor. The 
response may be expressed in decibels thus: 


‘ , A 
response in decibels = 20 log,, we 
1 + a®x? ) 
= 20 logy, fa pe 
1 + a?x? 
= 10lo wot 39 
0 log io (1 ax®)? + x2 (39) 
+8 
+6 
ae 
- MAXIMALLY— FLAT 
PS é L /| CURVE 
B a=0-414 HTS 
a) SS 
7 ee Na 
o ° SIMPLE RC- COUPLED \N 
ra AMPLIFIER 
a) 
[a4 


Ol 0-2 O03 O4 GS O7 1-0 20 30 40 
Value of x 


I —S T 
03 0-5 O7 t 2 3 4 5 6 8 19 


Frequency, Mc/s, for fo = 3Me/s 


Fig. 43—Universal frequericy response curves for shunt-inductance 
amplifier 


The response for various values of a is given in Fig. 43 in which 
for comparison the response of a simple RC-coupled circuit is 
shown in dotted lines. This curve is labelled a = 0, for if a =0 
in expression (36) it follows that L, = 0; if a is put equal to 0 in 
expression (37) it reduces to the corresponding expression (16) for a 
simple RC-coupled circuit. 

Fig. 43 shows that increase in the value of a, i.e., increase in 
L, gives an increase in the relative response at frequencies near the 
value for which x = 1, i.e., near the frequency at which the reactance 
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of C; equals Ra, the turnover frequency for the simple RC-coupled 
amplifier. For values of @ greater than approximately 0-5, the 
response has a peak which becomes more marked as a increases. 
When a is very large, the inductance is large and its reactance is 
great compared with the anode-load resistance over a wide frequency 
band. Thus the circuit tends to take the form of a valve working 
into a parallel-tuned circuit, and has a sharp peak at the resonance 
frequency of the load. Such a response is necessary in a tuned 
amplifier but is undesirable in a video-frequency amplifier. By 
using a low value of L,, the reactance/resistance ratio (i.e., the 
Q-factor) in the anode circuit is made very low and a substantially 
aperiodic response is obtained. Generally the value of a in video- 
frequency amplifiers is less than 0-5. 


Numerical Example 


We will calculate the values of Ra, L, and the gain for a stage of 
amplification in which gm = 8 mA/V and C;=25 pF. The 
frequency response is required to be level up to 3 Mc/s. The 
design is based on a = 0°5 and x = 1 at 3 Mc/s. 


Since x = w/w», w = wy = 2xf where f = 3 Mc/s 
*. Wy = 27 x 3 xX 108 rad/sec 


1 


Ia eG, 


1 
da x 3 x 10° x 25 x 10-8 @ 
= 2,1200 
L, = aRvC; 
= 0:5 x (2:12 x 108)? x 25 x 10°" H 
= 56:2 »wH 
A = &mRa 
nd 10-8 212 10" 
= 17 approximately 


The gain is thus 17 up to 3 Mc/s and from Fig. 43 the response 
is 1 db down when x = 1-2, ie., at 3-6 Mc/s. This is a marked 
improvement over the simple RC-coupled stage, the parameters of 
which were calculated in the numerical example on page 44; the 
simple RC circuit had half the gain and was 1 db down at 3 Mc/s. 
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3.4 MAXIMAL FLATNESS 
3.4.1 Introduction 


The response curve for a simple RC-coupled amplifier is given by 
expression (17) which can be written in the form 


2 1 
— [+x 


The corresponding expression for the shunt-inductance circuit is, 
expanding the denominator of (38), 


Ang? _ 1 + a®x? asi 
Amf 1+ (1 — 2a)x? + ax! .. ae 


Expressions (40), (41), and the corresponding expressions for other 
circuits not yet encountered, are all of the type 


Ang?| __ % + 44x" + ayxt + .... + anx' 
Amf Bo + Bix? + Baxt + ....Bmx?™ 


in which x is a variable directly proportional to frequency, ay, a,, 
a», etc., and Bo, By, Bs, etc., being constants dependent on component 
values and independent of frequency. 

These constants generally become smaller with ascending powers 
of x and are often zero beyond a certain power. The numerator 
usually has the same number of terms as the denominator or one 
less, 1.¢.,m =norm=n-+1. The constants can be expressed in 
terms of component values by equating the coefficients of like powers 
of x in expression (42) and the expression for the circuit in question. 
For example, comparison of expressions (40) and (42) shows that 
for the simple RC-coupled amplifier 


Ang 
| Ams 


(40) 


(42) 


Qo =F 
G4, Be, dg, etc. = 0 | 
se (43) 
By = 1 | 
Bo, Bs, Ba, etc. = 0 


Similarly, by comparing expressions (41) and (42) we can show, for 
the shunt-inductance circuit :— 


a = 1 
an = a? 
Qo, Gs, a4, etc. = 0 
5 = 1 (44) 
B, = (1 — 2a) 
B, = @ 
Bs, Ba, Bs, etc. = 0 
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The curve of expression (42) may have a number of maxima and 
minima and may thus show large departures from the ideal response 
which is a straight line parallel to the frequency axis and having 
the equation 


Ang * 


| | = aconstant He oe si Sse (45) 
Amf. 


It was shown by Landon* that if the constants ap, a,, etc., and 
Bo, Bx, etc., satisfy a certain relationship, the expression (42) reduces 
to the form 


2 
<—"! = aconstant + x? = ee .. (46) 


where p is a constant. The significant feature of expression (46) is 
that it contains only a single term in frequency. The curve of 
expression (46) has no maxima or minirna and, for small values of x, 
approximates to the ideal straight line. This curve is said to have 
maximal flatness* and the conditions necessary to achieve it are as 
follows. They are deduced in Appendix C. 


By” Bi: Be Bn 


If the constants in expression (47) are replaced by their equivalents 
in terms of the circuit constants, a relationship between the circuit 
parameters is obtained; if the circuit parameters are adjusted to 
this relationship a maximally-flat frequency-response curve is 
obtained. 

Though it is a useful guide to choice of component values, the 
condition of maximal flatness does not necessarily give a curve with 
least deviations from the ideal response. Up to a given frequency 
limit a curve with one maximum may have less deviations from the 
ideal than the maximally flat curve. An example of this is provided 
by Fig. 54 in which the curve labelled K = 0-6 is a nearer approach 
to the ideal than the maximally-flat curve which is also shown. 


(47) 


3.4.2 Conditions for Maximal Flatness of Frequency Response 
For maximal flatness we have, from expression (47) 
ap Ga, _ Ge 
Bo ~ Bi Bs 


The values of these constants for the shunt-inductance circuit are 


- Vv. D. Landon, “ Cascade Amplifiers with Maximal Flatness.”” R.C.A. 
Review, January and April 1941. 
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given in expression (44). Substituting these in (47) we have 


De oe 
] 1 — 2a 
which may be written 
a@t2a—-!l!=0 .. De bas (48) 
The positive root of this quadratic equation is 
a=/2—-1 
= 0-414 


The frequency response for a = 0:414 is given in Fig. 43 and 
represents a close approximation to the ideal response, which is a 
straight line parallel to the frequency axis. 

We will now calculate the value of inductance required to give a 
maximally-flat frequency response over the video band. We must 
first decide what loss is tolerable at the upper frequency limit, 
3 Mc/s. Ifa loss of 1 db can be accepted, the maximally-flat curve 
can be used up to x = | as shown in Fig. 43. The same limit was 
used in the previous numerical example and from this we have that 


Wy = 27 X 3 x 10® rad/sec 


From (34) 
1 
a 
and if C; is 30 pF 
Ra = 256 eee 
“ ~ 6:284 x 3 x 108 x 30 x 10-12 
= 17700 


The value of Z, for maximal flatness is given by (36), putting 
a = 0-414. We thus have 
i = aRg?*C; 
= 0-414 x 1770? x 30 x 10°" H 
38-8 nH 


| 


The stage gain depends on the mutual conductance and, if this is 
taken as 8 mA/V, is given by 
A = gmRa 
= 8 x 10-3 x 1770 
= 14-2 
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If a level amplitude-frequency response were the only criterion to 
be satisfied in a video-frequency amplifier, the design could be 
based on the conditions for maximal flatness, although, as pointed 
out above, a slight deviation from the component values for maximal 
flatness may sometimes be desirable to give a nearer approach to the 
ideal response. Unfortunately an amplifier with a satisfactory 
amplitude-frequency characteristic may have a poor phase charac- 
teristic or an unsatisfactory step response and as much attention 
must be paid to these properties as to frequency response. 


3.5 PHASE RESPONSE 

The phase response can be deduced in a manner similar to that 
used for the simple RC-coupled amplifier. From expression (33) 
we have 


Vout 
A =! 
Vox 
— 8ml{Ra + joly) _ 
joC Rg — w®L Ce 1 
from which 


——_ 8mVor(Ra + joly) _ 
joC Ry = Le 


Vout = 


But gmV x = J, the alternating component of the anode current 


. Vout __ Ra + joL, 


T ~~ juCRa — o8LyCr + 1 


Ral + J oL 1 [Ra) 


+ jaCRy-— wh, C 


Putting w) = 1/RaCt, X = w/w, and L, = aRa?C; as before, we have 


Vout _ __ _Ra(1 + jax) 


Io 1+ jx — ax? oY) 
Rationalising this expression 
MO tt Sot Oh ash eg (51) 
I (1 — ax*)? + x? (1 — ax?)? + x? m 


which is of the form (R+jX). The phase difference between 
Vout and J is given by tan —1X/R, Le., 

¢@ = tan 1x (a — 1 — a*x?) a a a (52) 
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This expression is plotted in Fig. 44 for the same values of a as 
in Fig. 43; the dotted curve shows the response of a simple RC- 
coupled amplifier. Low values of a give the best approximations 
to the ideal linear response and the curve for a = 0°5 (chosen for 
the numerical example) gives quite a reasonable approximation. 
The delay distortion of an amplifier having a@ = 0-5 can be 
assessed in the following way:— 


Expression (52) may be written 
tang? = x(a—1—a*x’).. be (53) 
= ax — x — a*x$ 


Differentiating with respect to x 


sec*d “ = a—1 — 3a*x? 


Substituting (1 + tan*¢) for sec?¢ 
dd 
2 —_ 24-2 
(1 + tan?) aoe 1 — 3a*x 
Substituting for tan ¢ from (53) 


dd 
Dr ee pee SO ae i, Pe Ae 
fl+x?@-1 ax')?] a a — 1 — 3a*x 
from which 

dd a—1 — 3a?x? 


dx +x (a — 1 — a?x?)? a. 200) 


This is a general expression for the slope of the curves in Fig. 44. 
The slope at the origin is obtained by putting x = 0 and gives 


when a = 0-5 the slopeis — 0-5. Ifthe sign of this slope is neglected, 
the slope of the a = 0-5 curve is 0-5 at the origin provided ¢ is 
plotted in radians; when ¢ is in degrees as in Fig. 44, the slope is 
57-3/2, i.¢., 28-65. If this slope had been maintained for all values 
of x the curve would, of course, be a straight line passing through 
the origin. For such a curve, phase shift is proportional to fre- 
quency which is one of the ideals aimed at in video-frequency 
amplifier design. Thus a straight line passing through the origin 
with a slope of 28-65 may be regarded as the ideal phase-frequency 
64 


SHUNT-INDUCTANCE CIRCUIT 


characteristic for a shunt-inductance amplifier having a = 0:5 and 
any imperfections in the phase response of such a circuit can be 
measured by the deviation of the practical ¢ — f curve from this 
straight line. The practical curve agrees well with the straight line 
at low frequencies (small value of x) but departs from it more and 
more as frequency increases. 


li 
all 


eal 
ge eee 


| L—— NIpEAL RESPONSE 
CN ses ponres2 


. 

\ 

. 
a 
BEEN 


Phase shift, degrees (lagging) 
a 
() 


ie) 
+10 5 re) 
Value of x 
' ——— ~r ann a a ee ee 
ie) { 2 3 4 5 6 


Frequency, Mc/s for f= 3Mc/s 


Fig. 44—Universal phase shift-frequency curves for shunt-inductance 
amplifier 


Numerical Example 


At x =1 the practical characteristic differs from the ideal by 
37 — 28-65 = 8:35°. If, as in the numerical example, quoted 
earlier, the upper passband limit is 3 Mc/s, this phase shift corre- 
sponds to a delay given by 


_ ¢ 
eae" 
from expression (3). Substituting for ¢ and f 
8-35 
> Ses 0 
sin aes 
360 x 3° 


= 0-008 psec approximately. 
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This is approximately 4 times the variation in delay obtained with 
the simple RC-coupled stage of the previous example but the gain 
is double due to the use of the characteristics up to x = 1. This 
can be shown as follows:—In the previous example the passband 
limit, 3 Mc/s, corresponds to a value of x of 0-5; thus w, corresponds 
to 6 Mc/s. In this example the same passband limit corresponds 
to a value of x of 1; thus w, corresponds to 3 Mc/s. The value of 
w, for the shunt-inductance circuit is half that for the simple RC- 
coupled circuit; since wy = 1/RaC:, provided C; is the same for 
both circuits, Ra for the shunt-inductance circuit is twice that for 
the simple RC-coupled circuit. 

If the deviations of the two circuits from the ideal phase response 
are compared for the same values of x, it will be found that the 
LCR circuit gives a better performance. This is illustrated in the 
following table. 


| ea ‘ 
Deviations from ideal response 


ho RAEI 
x RC circuit circuit | LER cir circuit 
i @= 05) 
0:5 2-08 aan | oe 
1-0 12°30 8-35 
1-5 29°65 | 14-80 


For a given upper frequency limit, the deviations are directly pro- 
portional to the variation in delay and are compared for the same 
values of x which, for a given value of C;, implies the same values 
of Ra and hence the same gain. 

The comparison applies when a = 0-5 but this is not the value of 
a which gives the nearest approach to the ideal phase-frequency 
characteristic; this particular value of a can be calculated as shown 
below. 


3.6 GROUP DELAY 
Group delay, dé/dw can be written as 
dp _ 1 d¢ 
dw wy ax 
and, substituting for dé/dx from expression (54) 


1 @—1) 30x? 
dw wo 14+xa—1 Lge 
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The variation with frequency of the normalised group delay 
d¢é/dx for a shunt-inductance circuit is illustrated in Fig. 45 for 
values of a of 0, 0-32, 0-5 and 1. The curves were plotted from 
expression (54) the value of which is taken as positive, since negative 
phase angles imply positive delay. To obtain group delay from the 
curves, the ordinates must be divided by w». Ideally the group 
delay should be independent of frequency and the ideal characteristic 
is a horizontal straight line. To obtain a reasonable approximation 
to such a performance, the value of a must clearly be less than 
approximately 0-5; the curves of a = 1 and above represent most 
unsatisfactory phase responses. 


Normalised group delay, d¢/dx 


0-5 re) i) 2:0 25 30 
Value of x 


| 2 3 4 5 6 
Frequency, Mc/s for f,* 3Mc/s 


Fig. 45—Universal normalised group delay-frequency curves for 
a shunt-inductance amplifier 
3.7 CONDITIONS FOR MAXIMAL FLATNESS OF GROUP DELAY CURVE 


Expanding the denominator of expression (54) we have 


dp (a@—1) — 3a*x? (56) 
dx 1+ (a —1)?x? — 2a%(a — 1)x4* + atx® °° 


This expression is of the same type as expression (42), that is to say 
it has the same form as the expressions previously derived for the 
square of the frequency response (see for example expressions 40 
and 41). The concept of maximal flatness can be applied also to 
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expressions for group delay and by use of the condition of express on 
(47) a relationship between the circuit parameters can be obtained 
for which the group delay-frequency curve is maximally flat; for 
these circuit parameters the phase-frequency curve will be a close 
approximation to the ideal linear response. 

For maximal flatness of group delay characteristic we have, 
applying the rules set out on pages 60 ef seq. 


GEM si ee 
1 (a — 1)? 
Cross-muitiplying we obtain the cubic equation 
(a —1)? = — 3a? 


which simplifies to 
a+3a—-1=0 


This equation has, of course, three roots but the only one which 
interests us is a = 0-32, and this is the value of a which gives maximal 
flatness of the group-delay characteristic. 

As Fig. 45 shows, the phase response of a maximally-flat shunt- 
inductance circuit is better than that of a simple RC-coupled circuit 
(a =0). For example, the group delay of the shunt-inductance 
circuit varies from 0:75 to 0:65 between x = 0 and x = 1; over the 
same frequency range the group delay of the simple RC-coupled 
amplifier varies from 1-0 to 0-5, a much larger variation. This 
bears out the results in the table on page 66. 


3.8 RESPONSE TO VOLTAGE STEP 


The response of a video-frequency amplifier to a voltage step is 
perhaps the most useful criterion of its performance. As already 
shown, both frequency and phase characteristics must be good in 
order to obtain good reproduction of such a signal. When a 
voltage step is applied to the grid of a shunt-inductance amplifier, 
a corresponding current step is applied to the LCR anode circuit 
and the voltage across this circuit grows according to the curves 
given in Fig. 46. The expression from which these curves were 
plotted is somewhat complex and is not given here; although it 
can be obtained by methods similar to those used in the appendix 
to Chapter 2, this expression is more conveniently derived by 
Heaviside’s operational calculus. Some books giving details of 
these methods are listed in the bibliography at the end of this book. 

For comparison, the dotted curve shows the response of a simple 
RC-coupled amplifier; a@ =O implies that L, =0. The curves 
show that the addition of the shunt inductance to the simple RC 
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circuit improves the transient response by decreasing the rise time; 
in fact the rise time for a = 0-5 is approximately 1-1 RagC; compared 
with 2-2RaC; for the simple RC-coupled amplifier. Unfortunately 
the addition of inductance causes pronounced overshoot if carried 
too far and the largest value of inductance which can be used without 
causing overshoot corresponds to a =0-25. When a=0-°5 the 
overshoot amplitude is approximately 7 per cent of the final pulse 
amplitude and when a = 1, it is nearly 30 per cent. 


Percentage of final amplitude 


| 
Value of t/RgCt 


ce) oO 0:2 0:3 O4 
Time, microsecs for RaCy= 0-053 microsec (fo=3Me/s ) 


Fig. 46—Universal curves showing step response for shunt- 
inductance amplifier 


In certain circumstances a small percentage of overshoot may be 
tolerable; for example, when only one or a small number of stages 
are used in cascade or when the interpreting device (usually a 
cathode-ray beam) is unable to reproduce the overshoot because of 
aperture distortion. But even a small percentage of overshoot 
can be very troublesome when a large number of stages are used in 
cascade; the amplitude of overshoot increases with each successive 
stage and may become intolerable at the final stage even though the 
overshoot per stage is very small. 
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The frequency of the ripple constituting the overshoot is approxi- 
mately the resonance frequency of L, and C. 


Numerical Example 


The time scale in Fig. 46 applies to the numerical example given 
earlier. For this particular circuit w) corresponds to 3 Mc/s and 
RaC; is therefore given by 


RaCi en ae 


zeal Pane VEO (0 a 


= 0-053 usec. 


The rise time for this value of RaC; is approximately 0-06 psec as 
shown in Fig. 46; this is the same as for the simple RC-coupled 
circuit used earlier as a numerical example but the shunt-inductance 
circuit gives double the gain. On the other hand the shunt-induc- 
tance circuit gives overshoot and the RC-coupled circuit does not. 


3.9 DESIGN OF SHUNT-INDUCTANCE CIRCUIT 


A shunt-inductance circuit cannot be designed to give maximally- 
flat frequency and group-delay responses at the same time; maximal 
flatness of frequency response is obtained when a = 0-414 and 
maximal flatness of group delay when a=0-32. Provided an 
overshoot of the order of 3 per cent can be tolerated, a compromise 
value of a such as 0:37 can be adopted; if no overshoot can be 
accepted, the value of a must not exceed 0-25. 

The value ascribed to w, determines the gain of the stage and 
depends on the degree to which departures from the ideal response 
can be tolerated. If the response must be near the ideal, as when a 
large number of stages are to be used in cascade, wy) must correspond 
to a high frequency, say 2 or 3 times the desired upper limit of the 
amplifier. The amplifier response is then given by the initial 
portions of the curves in Figs. 44 to 46; for example, if w, corre- 
sponds to 6 Mc/s and the amplifier limit is 3 Mc/s, the response 
extends up to x = w/w, = 0-5. For a given value of C;, Ra is 
inversely proportional to w,); high values of w, thus imply low values 
of Ra and hence low gain. If the response need not be so close to 
the ideal, as when only a few stages are used in cascade, wy can be 
made lower, possibly below the desired amplifier upper limit, and 
higher gain per stage is possible. In practice values of x up to 
0-85 or 1 are commonly used. 


70 


SHUNT-INDUCTANCE CIRCUIT 


3.10 4-ELEMENT SHUNT-INDUCTANCE CIRCUIT 


We have shown that the frequency response of a simple RC- 
coupled circuit can be extended by use of shunt inductance and, to a 
first degree of approximation, the extension is greater as the in- 
ductance is increased. Unfortunately a large inductance causes a 
peak in the frequency-response curve, a poor phase response and 
excessive overshoot. To give a reasonable performance in these 
respects the inductance must be limited and the maximum extension 
of frequency response is not obtained. 

The performance can be improved by use of a circuit with an 
effective inductance which increases with frequency. One circuit 
with such a property is that shown in Fig. 47, provided the resonance 
frequency of L,C, occurs above the video-frequency band. The 
effective reactance of L, in parallel with C, is given by 


EE joCy jolly 
oo, ee 1. we (58) 
ee joc, 


When C, is omitted, the reactance is, of course, jwL, as can be 
shown by putting C, = 0 in 
expression (58). la 

At very low frequencies 
w?L,C, is very small compared 
with unity and the reactance is 
approximately jwL,, that of L, 
alone; at low frequencies 
therefore the effect of the 
added capacitor is negligible. 
At high frequencies, however, 
wL,C, becomes appreciable 
compared with unity and the 
effective reactance is greater 
than jwL,; the circuit thus 
behaves as though the induct- 
ance increases with the fre- 
quency. Cy, cannot be made 
too large otherwise the re- 
sonance frequency of L,C, will 
occur within the band it is 
desired to amplify; the voltage 
developed pea ed parallel- Fig. 47—Four-element shunt- 
tuned circuit shows rapid inductance circuit 


OHT- 
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HT + 


changes in phase as the fre- 
quency of the current fed to it 
is swung through the resonance 
value. Such phase changes 
would cause serious mutilation 
of pulse shape and C, is there- 
fore made small to keep the 


resonance frequency high.. The 
optimum value of C, can be 

calculated as follows :— 
In expression (33) for the 
- gain of the shunt-inductance 
{ circuit, the inductance L, is 
replaced by L,/(1 — w?L,C,), 
the effective inductance of L, 
Coley and C, in parallel. It is con- 
| venient to express C, as a 

{ 


fraction of C;, and C, is accord- 
ingly replaced by bC; where 6 
is a numerical factor expressing 
the capacitance of C,. Thus 
L, is replaced by 
OHT L,/( — w?bL, Cr) 
Fig. 48—Five-element shunt-inductance aoe ine resulting CAD en 
circuit arranged as in expression (42). 
The conditions for maximal flat- 
ness (expression 47) can then be applied; the result is that a = 0-414 
(as for the simple shunt-inductance circuit) and 6 = 0-354. 
C; is commonly about 30 pF and C, should thus be approximately 
10 pF to give maximal flatness of frequency response. This is a 
small capacitance which can be obtained without using a physical 
component. For example, the capacitance can be provided by the 
self-capacitance of L, by winding the coil in a suitable manner. 
Alternatively the capacitance can be obtained by mounting the coil 
near or within a conducting sheet. 

The 4-element shunt-inductance circuit has a better frequency 
response than the shunt-inductance circuit but the step response 
shows more ripple for a steep transient intput. The ripple is, 
however, at a higher frequency than for the shunt-inductance circuit 
and may not be visible on a cathode-ray tube screen. 


3.11 5-ELEMENT SHUNT-INDUCTANCE CIRCUIT 


A further improvement in the shunt-inductance circuit can be 
72 


SHUNT-INDUCTANCE CIRCUIT 


obtained by connecting an additional inductor L’, in series with C, 
as shown in Fig. 48. . 

The process of compensation can be continued to higher orders; 
the next step (6-element circuit) is to connect a fixed capacitor in 
parallel with L’,. By continuing compensation the frequency, 
phase and transient responses can be made as close as we please to 
the ideal; the process is, in fact, one of successive approximation. 
In practice it is difficult to carry the process beyond the 6-element 
circuit because of the difficulty of making and adjusting the small 
values of inductance and capacitance which are necessary. 


APPENDIX C 
CONDITIONS FOR MAXIMAL FLATNESS 


Equation (17) in Chapter 2 gives the high-frequency response of 
a simple RC-coupled amplifier as 


Ant foe. 1 
Amy | +x? 


in which x is a variable directly proportional to frequency. The 
corresponding expression (41) for a shunt-inductance circuit is 


1 lpg ex*. 
Amf ] + (1 =o 2a)x* + a*xt 


in which a is a factor expressing the magnitude of the inductor. 
These, and the corresponding expressions for other circuits not 
yet encountered, have the form of a fraction in which the numerator 
and the denominator are series containing even powers of x; 
usually the denominator has more terms than the numerator. The 
expressions for the group delay of the circuits are also of this type. 
In general such expressions can be represented thus 


Gg — a,x? + agnvi—...... sis anx?” % 
Bait Bak a Pak Sess + Bmx?™ ee ie 
in which Ao, Aig see ee eee an and Bos fom b ypeolediosh cere: Th Bn are all constants 


and 1 normally exceeds ». When x is zero expression (1) has the 
value a, 8, but when x increases from zero the value of the expression 
differs from a, 8) the extent of the difference depending on the 
magnitude of the coefficients in the numerator and denominator. 
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It is the purpose of this appendix to derive the relationship between 
the coefficients which must be satisfied in order that expression (1) 
shall give a maximally-flat curve, i.e., a curve the equation to which 
has only a single term in frequency. 

Dividing the numerator by the denominator in expression (1) we 
have 
Ge, (a1 — a0Bs/Bo)x? + (as — GoBs/Pa)xt +... (an — aeBn/Be)x™™ = asBmx!m/B 
B Boe Bux? Pox! aoe + Bmx?m 

(2) 


in which it is assumed for convenience that m = (n + 1), a con- 
dition found in practice. This expression can be made less 
dependent on frequency by equating the coefficient of x? in the 
numerator to zero. 


We have then 


ons ay ah y/Bo = 0 
giving 
ata 0 ke ee ote. 3) 
B, ~ Po 
The expression can be made even less dependent on frequency by 
equating the coefficient of x* to zero; this gives 


ag — AP 2/Bo =0 
from which 


oe a = o . (4 


This process can be continued for all the coefficients in the numerator 
up to that of x?” for which 


an ag 
ot ce 2 5 
Ba Bo 2 
Combining equations (3), (4) and (5) 
Qo a, Qs an 
ee eee ee ee a 6 
Be he Bs Bn 2 
When these conditions are obeyed expression (1) becomes 
ag AgPmx?™ /By (7) 


By Bot BS + Baxt +o + Baxi 
in which there is only one term in x in the numerator. A curve 
having an equation of this type is said to have maximal flatness 
and to obtain this condition the coefficients of x must satisfy the 
condition of equation (6). 
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SERIES-INDUCTANCE CIRCUIT 


4.1 INTRODUCTION 


IN the circuits described in the previous chapter the inductor L,, 
though in series with the anode resistor, forms part of the shunt arm 
of the network connecting the valve to the succeeding stage. In 
the alternative circuit shown in Fig. 49 (a) the inductor L, is a series 
element in the network between the anode of V1 and the grid of V2. 
The inductor thus separates the output capacitance Co of V1 from 
the input capacitance C; of V2 (Fig. 49a) and makes this circuit 
capable of a better performance than the shunt-inductance type. 
In the equivalent circuit of Fig. 49 (b) the coupling capacitor C, is 
omitted because its reactance is negligible at high frequencies. 

A significant feature of the series-inductance circuit is that the 
signal-frequency potential at the grid of V2 differs from that at 
the anode of V1; in the shunt-inductance circuit of Fig. 42 (a) the 
potentials at these two points are equal, the impedance between 
the points being negligible at high frequencies. In other words, 
Fig. 49 is an example of a 4-terminal network and Fig. 42 of a 
2-terminal network; this point is illustrated in Fig. 50. 

As illustrated in Fig. 50 (b) the series-inductance circuit has the 
form of a low-pass filter section and the practical values of Co, Lz 
and C; are usually such that the source impedance (Raz) is of the 
same order as the iterative impedance of the 4-terminal network. 
As illustrated in Fig. 50 (b) the circuit is an example of a network 
which is terminated at the sending end but it can alternatively be 
terminated at the receiving end as shown in Fig. 52. 


4.2 GAIN 
The circuit of Fig. 49 (a) may be redrawn as shown in Fig. 51 in 
which 
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Fig. 49—Series-inductance circuit (a) and its electrical equivalent at high 
frequencies (b) 
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Fig. 50—Basic circuits of (a) shunt-inductance and (b) series- 
inductance amplifiers 


From Fig. 51 
Z(Z2 + Zs) 
Zo ZZ, 


in which J is the alternating component of the anode current. The 
negative sign indicates the antiphase relationship between V and I. 


V=-—Tf. 


gmVgk 


» 


Fig. 51—Equivalent circuit of Fig. 49 (b) 


But IT =— &m Vor 
Bee os Z(Z_ + Zs) 
. V = LmV gk - Zi a Ze as Zz . ee (62) 
Moreover 
23 
Vout = V ea A 
Substituting for V from (62) 
L352. 
= ey: 3 
Vou = LmV or - oJ 7 AZ, ay 2 
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from which 
{ I out 


ae 
&mZ Zz 
= ee yh a 63 
Z,+Z,+%, Se 
Substituting in (63) for Z,, Z, and Z, from (59), (60) and (61) 
respectively 


ro 
SOT joCoRa’ jas 
Ra ; 
1 joCRe Et jac 


4.3 FREQUENCY RESPONSE 


Multiplying numerator and denominator by jwC;(1 + jwC Ra) 
and re-arranging we have 
&mRa 


a jo(Co + Ci)Ra — w®LC; — jw8L pRaCoCy 


but —gnRa = Amp the gain at medium frequencies. Making this 
substitution we have 


ee —~ s — . = (64) 
Amg 1+ jw(Co + Ci)Ra —w?L Ci — jw®L gRaC oC; * 
This expression can be put into a more convenient form by three 
substitutions similar to those used in the analysis of the shunt- 
inductance circuit (expressions (34), (35) and (36) ). The first 
substitution is 


I 
0 RC, 
and since Cy = (Cy + Ci) 
1 
ee 65 
= RCC) Se 


which corresponds to expression (34). The second substitution is 


(43) 
De ie 
Wg 
and the third 
L; = CRa2C; 
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Substituting ("9 + Ci) for Ct 
2> cRa*(Co + Ci) ie = «<x (66) 


which corresponds to expression (36). 


too wee ee ee 


oO 
tad Sew 


ee 


a iataiaiaieanateteaeten || 


Fig. 52. —Alternative series-inductance circuit 


For a given pair of valves Co and C; are fixed. Thus, from (65) 
Rg is fixed by the chosen value of w»; the low-frequency gain of the 
circuit is, of course, given by gmRa. Once Ra is determined, the 
value of L, is obtainable from expression (66): it depends on the 
chosen value of c. 

Other substitutions which we shall use to simplify expr. sssion are 
the following: 


Ci 

A=K be a = .. (67) 
and 

Oo ts. meal 

CHU AK) ee (8) 


which follows from (67). K is a constant dependent on the valves 

used. 
Expression (64) can be put into a simpler form by substituting 
for Rg from (65), L, from (66), Ci/C; from (67) and Co/C; from (68). 
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The final form for the expression is 


Ang 5 | l 
Amp 1 + jx — ex®K —jcex®K(1 — K) .. (69) 


Expression (69) may be written 


Ang _ 
Amp  V{(L — ex2K)? + [x — ex8K(UL — K)}?} 
A 2 
a (1 = exer ee 3 )] (70) 
Amf (1 — cx®K)? + [x — cx?K(.1 — K)]? 
The frequency response of the circuit is thus given by 20 log,, ae 
mf 
Ang ” 
= 10lo — 
210 Amf 
x Ams * 


I 


—~ 10 log i, {( — ex®K)® + [x — ex®K( — KY?) (71) 


At a given frequency, i.e., for a given value of x, the response 
depends on c which measures the inductance L, and on K (which 
measures the ratio of the filter output capacitance to total filter 
capacitance). For the type of valve which is commonly used for 
video-frequency amplification C; is approximately double C4, corre- 
sponding to a value of K of 0-67, and we shall first plot curves of 
expression (71) for this value of K. The curves are shown in 
Fig. 53 for various values of c. The dotted curve (c = 0) gives the 
response of a simple RC-coupled stage. The curves show that 
the effect of increasing c from zero is first to extend and improve 
the frequency response. If the useful frequency response is taken as 
extending to the frequency at which the response is 3 db down, a 
stage with c = 0-67 covers approximately double the passband of 
a simple RC-coupled stage. If c is increased beyond 0-67, however, 
the response becomes more peaked and the passband smaller. 

The curves in Fig. 54 illustrate the effect on the frequency response 
of varying K, keeping c constant; in other words these curves 
illustrate the performance of a circuit with a fixed inductor when 
the ratio of C; to Cy is varied, the total capacitance (Cp + C;) 
remaining constant. The chosen fixed value of c is 0:67 because, 
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as will be shown later, this value gives maximal flatness of frequency 
response. The response is shown for K = 0-5, 0:6, 0-67 and 0-75. 
The curves show that the response at high frequencies can be 
considerably modified by alteration of K and in general the high- 
frequency response is increased by decreasing K; for example when 
K =0-75 the response is — 9 db when x = 2:5 but decreasing K 
to 0-67 reduces the loss at this frequency to 6 db and when K = 0°6 
the curve is level at x = 2-5. These curves illustrate one dis- 


Relative response, db 


Value of x 


aa a a Fa RR FC | 
0-5 l 2 3 4 5 67 
Frequency, Mc/s for fo: [-8 Me/s 


Fig. 53—Universal frequency-response curves for series-inductance 
circuit showing effect of varying the inductance 


advantage of this circuit, namely that the high-frequency response 
is sensitive to small variations in the value of Cy or Ci. 

If the above analysis is repeated for a series-inductance amplifier 
in which the anode load resistor Raq is in parallel with C; (as in 
Fig. 52) the resulting expressions for the frequency response are 
identical with those deduced earlier with C; and C> interchanged. 
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Hence the curves of Figs. 53 and 54 apply to this circuit provided 


= Gf - a .. (72) 
and hence 
_G& 
(—-K=@ ne ee a sa » (73) 


K is thus 0-33 if C; = C, and, as can be inferred from Fig. 54, the 
high-frequency response is very peaked. It is, in fact, preferable to 
have Rg in parallel with Cy as previously assumed because practical 
values of C; and C> give a frequency response which is a better 
approximation to the maximally-flat curve. 


Co INCREASING 
Cj DECREASING 


Relative response, db 


O4 0-2 03 0405 0:7 IO 15 2-0 3-0 40 5°0 


Value of x 


Fig. 54—Universal frequency-response curves for series-inductance 
amplifier showing effect of varying capacitance ratio 


4.4 COMPARISON WITH SHUNT-INDUCTANCE CIRCUIT 


If the curves of Fig. 54 are compared with the corresponding ones 
for the shunt-inductance circuit (Fig. 43) we can see that the series- 
inductance circuit can be used to give a substantially level frequency 
response up to higher values of x (i.e., higher frequencies) than the 
shunt-inductance circuit. We can illustrate this statement by 
comparing the useful extent of a certain frequency-response curve 
of the series-inductance circuit with that of a similarly-shaped 
curve for the shunt-inductance circuit. Suitable curves to compare 
are those for c=0°67 and K =0-6 for the series-inductance 
circuit and @ = 0-5 for the shunt-inductance circuit, the curves 
representing possibly the best frequency responses of which these 
circuits are capable. 
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The series-inductance circuit is 3 db down at x = 2-5 whereas 
the shunt-inductance circuit is 3 db down at x = 1-7. This means 
that if both circuits are designed to be 3 db down at the same 
frequency the series-inductance circuit will give a higher gain. This 
can easily be shown in the following way: For the series-inductance 
circuit the response is — 3 db when x = w/w,’ = 2°5 where wy’ = 
1/Ra’C:. The shunt-inductance circuit is 3 db down when 
xX = w/w, = 1-7 where wy = 1/RaC:. Equating the expressions for 
w, which is the same for both circuits, we have 


2:5 wo! = 1-7 a 
pee 
“" Ra'Ce — -RaCt 
jos se 
es Ra = 17 Ra 


Thus R,’ is greater than R, in the ratio 2-5/1-7 and the gain of the 
series-inductance circuit is greater by 20 log,,) 2:5/1-7 = 3-35 db. 
The shunt-inductance circuit may, however, have a superior phase 
characteristic. . 


Numerical Example 


A series-inductance stage has Co = 10 pF, C; =20 pF and 
2m = 8 mA/V. Find the values of Rg and L, to give a response 
level up to 3 Mefs. 

For this particular example K = Ci/(C; + Co) = 20/30 = 0-67 
and the response curves are as shown in Fig. 53. From this diagram 
c = 0-8 gives a reasonably level response up to x = 1-8 and the 
design will be based on this value of c. 


The frequency is 3 Mc/s when x = 1-8 and we have 


~ fo 
= 
fo 
= 18 
“fo = 1-67 Mes. 
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From equation (65) 
1 


on 


Ra 


~~ 6:284 x 1-67 x its x 30 x 10-12 @ 
= 3,180 0 
From equation (66) 
Lig = CRa*C; 
= 0:8 x (3:18 x 10)? x 30 x 10-1?H 
= 242 pH 
The stage gain = gmRa 
= 8 x 10-3 x 3,180 
= 25 approximately 
The frequency-response curve for these values of Ra, C; and L, can 


be exhibited by locating a logarithmic scale on Fig. 53 with 1-67 Mc/s 
coinciding with x = | as shown. 


4.5 CONDITIONS FOR MAXIMAL FLATNESS OF FREQUENCY RESPONSE 


Expanding the denominator of expression (72), we find that the 
frequency response of the series-inductance circuit is given by 


: 1 
ATE U Seek Eek — eK ke Fe Ke 


Ans 
Amy 


The conditions for maximal flatness of this expression can be 
obtained, as for the shunt-inductance circuit, by comparing 
expression (74) with expression (42) to find expressions for the 
constants a, a1, By, 8;, etc., which are then substituted in the 
general expression for maximal flatness (47). Since a, =O and 
a, = 0 this yields the results 


1 —2cK =0 
c*K? — 2cK(1 — K) =0 


But for expressions similar to (74) which have a numerator of 
unity, the conditions for maximal flatness can be derived directly 
by inspection. The condition is that tht expression should contain 
only a single frequency-dependent term. Expression (74) contains 
three such terms and two must be equated to zero to give the 
conditions for maximal flatness. It is usual to leave the term 
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with the highest power of the variable and thus the coefficients of 
x? and x are made zero. We thus have, as before, 
(1 — 2cK) =0 i - ra 35) 
and 
c?K? — 2cK(1 — K) =0 “S .. (76) 


Expression (76) simplifies to 


cK —2(1 — K)=0 6 zs (77) 
From (75) 
1 
c= aK gut ae oe (78) 


Substituting for c in (77) 
0-5 —2(1 — K) =0 


Soko =O: - see af we LD) 
Substituting for K in (78) 
1 
C= 15 = 067 ss oe .. (80) 
The frequency response for c = 0-67 and K =0-75 is shown in 
Fig. 54. The curve is 6 db down when x = 2 and a much better 
approximation to the ideal frequency response is obtained with 
smaller values of K. For example, when c = 0-67 and K =0°6 
the response is maintained level within less than 1 db up to x = 2:3. 
This illustrates a point made earlier, that the frequency response 
can sometimes be improved by choosing values slightly different 
from those giving maximal flatness. This can also be inferred 
from equation (75). For maximal flatness the terms in x? and x4 
vanish, leaving the term in x, but it is possible to find values of 
cand K for which the net value of the terms in x”, x* and x® is less 
than the value of the x* term for maximal flatness. This condition 
is obtained when c = 0-67 and K = 0-6. 


4.6 PHASE RESPONSE 
If we substitute — gmRa for Ams in expression (71) we have 


Vo Bm Ra 
Ang = Vor 1 + jx — cx?K — jex®K(1 — K) sy 
But gmVox = I, the alternating component of the anode current 


A Oe EE. ene 
“OT ~1l—etK +j[x—cxt8K —K)) oe, 
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When this is rationalised we have 


Vout _ Ra. (1 — cx*?K) — j [x — cx®K(1 — K)] 
Y (1 — cx?K)? + [x — cx8K(1 — K)]?"" 


(83) 


which is of the form (R+jX). The phase difference ¢ between 
Vout and J is given by tan ~1X/R, i.e., 


aes — K) 


eet (84) 


¢= tan-1 ~ 


This expression is plotted in Fig. 55 for c =0:8 and K = 0°67, 
the values chosen in the numerical example. The second curve 
is for c = 0-48 and K = 0-833; as shown later these values give 
maximal flatness of group delay-frequency characteristic. The 
angles are all negative; as explained earlier this indicates a lagging 
phase. 

The delay of an amplifier using this circuit can be estimated in 
the following way. Expression (84) may be written 


x — cx®K(1 — K) 


tan$ =" ee] (85) 
Differentiating this with respect to x we have 
dé 1 + x*eK [1 — 3(01—K)] + x*c?K*%(1 — K) 
oe er ee dines Mee ible 
sec'p . (ok — 1)? (86) 
Now 
sec*¢ = 1 + tan*d 
and substituting for tan ¢ from (85) 
24 = x — ex*K(L — K)]* 
sec s=1+| ox8k — 1 
Substituting for sec? ¢ in (86) 
dp _ 1 +x?ck[l — 3(1 — K)] + x*c?K>(1 — K) (87) 
x (cx?K — 1)? + [x — ex®K(1 — K)]? 


This is a general expression for the slope of the characteristics in 
Fig. 55. The slope at the origin is obtained by putting x =0 
which gives 

dp 

oro 1 bs 4 .. (88) 
The slope of the characteristics is thus — 1 and is independent of 
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the value of c and of K. All curves thus have the same slope at 
the origin and if they continued with this same slope as frequency 
increases to the limit of the video-frequency band, the phase 
characteristic would be ideal. The ideal characteristic is thus a 
straight line passing through the origin and having a slope (expressed 
in radians) of unity. If the negative sign is ignored the slope ex- 
pressed in degrees is 57-3 and the straight line with this slope is 
shown in Fig. 55. 

It can be seen that the two practical 6 — x curves depart from the 
ideal at high values of x although the agreement between the ideal 
curve and the curve for c = 0-48 and K = 0-833 is very good; 
the latter curve represents the performance of a circuit with a 
maximally-flat group delay characteristic. 


~ 250 


Phase shift in degrees (Lagging ) 


Value of x 


Fig. 55—Universal phase shift-frequency curves for series-inductance 
amplifier 


Numerical Example 


The values c = 0-8 and K = 0-67 are those adopted in the earlier 
numerical example and from Fig. 55 it is possible to calculate the 
variation in delay of such a circuit. 

In this example the upper frequency limit occurred at x = 1°8 
and from Fig. 55 the phase angle at this frequency is 136°. Ideally 
it should be 1-8 x 57°3 = 103°; the departure is thus 33° which, 
at a frequency of 3 Mc/s, corresponds to a variation in delay given 
by expression (3) namely 
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ie neare ia ante 
~ 360 x 3 x 108 


a sec 
~ 360% 
= 0-03 usec 

Thus only 3 such stages could be used in cascade before the overall 
variation in delay approaches the value 0:1 psec quoted earlier as 
the maximum tolerable before obvious distortion occurs. 

For the maximally-flat characteristic the deviation from the ideal 
at x = 1-8 is only approximately 1°, representing a very much 
better performance. 


4.7 Group DELAY 
An expression for the group delay of the series-inductance circuit 
can be obtained from expression (87) 


dp 
da 
_ 1 dg 
~ Wy dx 
— 1 (1 4+2x%ck[] — 3(1 — K)] + x4c?k*(1 — K) 
Wo (cx?K — 1)? + [x — cx®K(1 — K)]? 


group delay = 


(89) 


The negative sign prefacing this expression is a consequence of the 
negative (lagging) phase angle but since a negative phase angle 
implies positive time delay, expression (89) is assumed to give a 
positive result and is so plotted in Fig. 56. As in previous circuits 
it is more convenient to plot values of dé/dx (normalised group 
delay) than d¢/dw and the curves of Fig. 56 show the variation of 
d¢é/dx for c =0:8, K =0-:67 (values chosen for the numerical 
example) and c = 0-48, K = 0-833 (values giving maximal flatness 
of group-delay characteristic). To obtain group delay from Fig. 56 
the ordinates should be divided by w,. These curves show more 
convincingly than those of Fig. 56 the superiority of the phase 
response for the circuit having c = 0:48 and K = 0-833. Thecurve 
for c = 0-8 and K = 0-67 has a marked departure from a level 
response around x = 1-7 showing the phase response to be 
unsatisfactory at such frequencies. This departure from linearity 
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of the phase characteristic is associated with the sharp cut-off of 
the frequency response curve shown in Fig. 53. 


4.8 CONDITIONS FOR MAXIMAL FLATNESS OF GROUP DELAY 


Expression (89) can be rewritten in ascending powers of x thus 


dd 1 1 + x*cK[1— 3(1— K)] + x*c? K? (1— 1K) 


dw = ~ wa" 1-+x(1— 26K) + x*[e2K®—2eK(A —K)] +-x8c? KA — Kye 9) 
Applying the conditions of expression (47) 
“1 _ —eK{1—3(1— KY] __ PK — X) én 
l 1 — 2cK ~ @8K2 — 2cK(1 — K) = 
cs0-8 K=0-67 
$ 
c 
= 
£ 
fe) 
Zz 
Volue of x 
Fig. 56—Universal normalised group delay-frequency curves for 
a series-inductance amplifier 
Cross-multiplying the first and second fractions 
1 — 2cK = cK{l — 3(1 — K)] ah .. (92) 
“30K 4 
2K =) a ea bi se (93) 


Cross-multiplying the first and third fractions in expression (91) 
c?K2(1 — K) = c?K* — 2cK(1 — K) 
“. cK? = 2(1 — K) 
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Substituting for cK? from (93) 


1 
: 3 = 21 — K) 
ieee, ie 
tek = a= 0-833 
Substituting for K in (93) gives 
c = 0-48 


The conditions for maximal flatness of group delay-frequency 
characteristic are thus 


K= re (94) 


c = 0-48 


4.9 RESPONSE TO VOLTAGE STEP 


The response of an amplifier to a voltage step is a most useful 
test of its performance as video-frequency amplifier. When such 
a step is applied to the grid of a series-inductance amplifier, a 
corresponding current step is applied to the anode circuit. The 
voltage generated across the anode resistor, Rg, is not directly 
applied to the grid of the next valve (as in a shunt-inductance 
circuit) but is applied to the series circuit of L, and C;, the voltage 
across C; being the input to the next valve. The series inductance 
delays the start of the output voltage as shown in Fig. 57; for 
comparison, curves for a simple RC-coupled circuit and a shunt- 
inductance circuit are included on the same diagram. 

The rise time for the series-inductance circuit is approximately 
1-5 RaC; compared with 1-1 RaC; for the shunt-inductance circuit 
and 2-2 RaC; for the simple RC-coupled circuit. 


4.10 DESIGN OF A SERIES-INDUCTANCE CIRCUIT 


The conditions for maximally-flat frequency response are K = 0-75 
and c =0-67; for a maximally-flat group-delay characteristic 
K = 0°833 andc = 0:48. The circuit cannot, therefore, be designed 
to give maximal flatness in both respects simultaneously. A 
compromise solution is commonly adopted such as K = 0-8 and 
c=0-6. To make K =0-8, C; must equal 4 Cy and normally 
the input capacitance of valves of the type likely to be used in a 
video-frequency amplifier is approximately double the output 
capacitance (corresponding to K = 0-67). The required value of 
K can sometimes be obtained by placing the coupling capacitor 


90 


SERIES-INDUCTANCE CIRCUIT 


(which has appreciable capacitance to earth) on the grid side of 
the inductor (where increased capacitance is wanted). It is 
undesirable to add fixed capacitors to the filter output to increase 
K because this increases C;, necessitating a reduction in Rg and 
gain to maintain a given frequency response. 

The value of c must be kept low to avoid excessive overshoot. 
As explained for the shunt-inductance circuit, a small amount of 
overshoot may be acceptable when a small number of cascaded 
stages is to be used or when the interpreting device does not register 
the oscillations. 


{20 
SHUNT-INDUCTANCE AMPLIFIER 


100 


80 


SIMPLE RC-COUPLED 
AMPLIFIER 


60 


SERIES-INDUCTANCE AMPLIFIER 
WITH c=0-8 AND K=0-67 


40 


Percentage of final amplitude 


20 


° 0:5 me) i) 20 25 3:0 
Value of t/Rqg Cy 


Fig. 57—Universal curves showing step responses of series- 
inductance, shunt-inductance and simple RC-coupled circuits 


The tendency towards ringing can be reduced by connecting 
a resistor in parallel with L,. The value of the resistor must be 
chosen with care; if it is too high, its effect will be negligible whereas 
if it is too low, it will degrade the performance of the circuit. A 
typical practical value of such a damping resistor is 5Ra, i.e., of the 
order of 15 kg. 


4.11 COMBINED SHUNT- AND SERIES-INDUCTANCE CIRCUIT 


Shunt- and series-inductance circuits can be combined as shown 
in Fig. 58; this circuit gives a performance slightly superior to that 
of the series-inductance circuit. Some indication of the order of 
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component values required can be obtained by determining L,, 
L, and K for maximal flatness of frequency response and group 
delay. The method of determining these values has already been 
shown for the shunt and series-inductance circuits and will not be 


[ieee a 


ede et 
“Us 
oO 

° 


OHT = 


Fig. 58—Combined shunt- and series-inductance circuit 


repeated for the combined circuits because the expressions involved 
are somewhat unwieldy. The results are, however, set out below. 


Condition i K (=C,/Cy) 


Maximal flatness of fre- 
quency response ud 0-14 R,2C; 


Maximal flatness of group 
delay characteristic .. 0-10 RC; 0-458 R,2C; 


The value of K likely to be obtained in practice is approximately 
0-67; this value lies between the two quoted above and is a suitable 
value to use. Values of L, and L, may differ slightly from the values 
listed above; as shown for the shunt- and _ series-inductance 
circuits, it is often possible to effect an improvement by slight 
departure from the values for maximal flatness. Moreover, the 
component values for maximal flatness sometimes lead to slight 
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overshoot which, though acceptable in a single stage, may be 
intolerable in a multi-stage amplifier. . 

The superiority of the combined shunt- and series-inductance 
amplifier over the simple series-inductance type can be explained 
in the following way: The series inductance together with the 
capacitors C, and C; constitute a low-pass z-section network. The 
iterative impedance of such a network is substantially constant at 
low frequencies but rises rapidly as frequency approaches the 
cut-off value. To obtain a good approximation to a level frequency 
response the terminating impedance of the network should similarly 
rise with frequency, to maintain matched conditions over as large 
a frequency range as possible. In a simple series-inductance 
amplifier the terminating impedance is Ra which is constant and 
matching is good only over a restricted frequency range. In the 
combined circuit of Fig. 58, the terminating impedance is that of 
R, and L, in series. This rises with increase in frequency and by 
correct design can be made to match the variations of iterative 
impedance, thus maintaining good voltage gain over a wide frequency 
band. 
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CHAPTER 5 
CIRCUITS EMPLOYING CATHODE COMPONENTS 


5.1 INTRODUCTION 


IN the three circuits described in the previous chapters, a 
satisfactory performance is obtained from a video-frequency stage 
by arranging for the shunt capacitance at the anode to form an 
essential component of the load impedance into which the valve 
works. There is, however, an alternative method of design in 
which the disadvantages associated with the anode shunt 
capacitance are offset by including a corrective network in the 
cathode circuit. Such a cathode circuit gives frequency-dis- 
criminating current feedback which, by suitable design, can be 
arranged to give the necessary level frequency response and 
desired phase characteristics over the video band. 


5.2 EFFECT OF CURRENT FEEDBACK 


The simplest circuit employing such feedback is that shown in 
Fig. 59. At medium and low frequencies the reactance of C; is 
large compared with Ra and that of C; is large compared with R;; 
thus the amplifier effectively performs as one with an anode load 
of Ra and an unbypassed cathode resistance of Ry. There is thus 
some current feedback due to R, and the gain is less at these 
frequencies than if Ry were decoupled. At high frequencies, when 
the shunting effect of C; on R, is appreciable, the reactance of Cy 
is comparable with R, and reduces feedback to improve gain, and 
maintain the frequency response. 


5.3 CONDITIONS FOR MAXIMAL FLATNESS OF FREQUENCY RESPONSE 


If the cathode circuit impedance is Z;, the effect of the current 
feedback is to reduce the mutual conductance from gm to gm’ where 


——e &m 
1 + 2mZk 


This is proved in Appendix D. The gain of the valve thus 
becomes 


&m (95) 


Ang =i. &m'La 
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in which Z, is the impedance of R,z and C; in parallel. Substituting 
for gm’ from (95) and putting Z_ equal to Re/(l + jwCrRa) we have 


&mRa/ (1 + jwCrRa) 
Anp = — Oe (96 
eal eee gO eRe 
Since Amp = — 2mRa, this may be written 

Amy _ 1 + joCrRa | 

BP = 1b joie + 8m Re 1 jC Ry (97) 


HT+ 


Fig. 59—Use of cathode capacitance to improve 
high-frequency response 


The condition for maximal flatness is that the expression for the 
frequency response should contain only a single term in frequency. 
As it stands, expression (97) has two terms in w but the third term 
can be made independent of frequency by making RaC; equal to 
Ri,Cr. We then have 


A > 
oa = (1 + gmRx) + joCrRa 
hf 


from which 
Ams? 


Ah" = (1 + BmRe)® + w?CARa? 
i “4hf 


which is the equation to a maximally-flat curve. The condition 
for maximal flatness is thus 


RaC: = ReCr eee (98) 
95 


TELEVISION ENGINEERING PRINCIPLES AND PRACTICE 
Putting RC, = RaC; in (96) gives 


8 mRa 
1 + gmRx -+ jwCrRa 


Ant = | 


yy JoCRa (99) 


Joo gmRe 


It is instructive to compare this expression with that for an 
amplifier without feedback, i.e., an amplifier without R,; and Cx 
(Fig. 59) or onein which Rz and C;, are present but C; is so large that 
its reactance is small compared with associated impedances at the 
frequencies under consideration. As shown in expression (13) the 
high-frequency gain of such an amplifier is given by 


ye &mRa 
My 1 + joC:Ra 


Comparison of this with expression (99) shows that the current 
feedback has two effects: 


(1) It reduces the effective g», of the valve to gm/(1 + gmRx); 

1 8m 
1 + gmRx 

(2) It reduces the effective output capacitance C; in the same 
ratio, ie., to C:/(1 + gmRx); this improves the gain at high 
frequencies relative to that at medium frequencies (though 
both are less than without feedback because of the reduction 
in effective mutual conductance). Thus 


1 + gmRr 
where C;’ represents the effective anode-earth capacitance. 

These two points are illustrated in Fig. 60 which gives the response 
curves of an RC-coupled amplifier with and without maximal 
current feedback. The application of feedback reduces the gain 
at all frequencies but improves the frequency response. Without 
feedback the amplifier is 10 db down at the frequency /, whereas 
with feedback it is only 3 db down at the same frequency. 


“2m 


Cy 


Numerical Example 


As a numerical example, suppose that an amplifier of the type 
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shown in Fig. 59 is required to have a frequency response flat within 
1 db up to 3 Mc/s. To give the correct grid bias the cathode 
resistor Ry; is 200 Q; C; is 30 pF and g», is 8 mA/V. The values of 
Ra and C; and the stage gain are required. 

From Fig. 38 the frequency response of a simple RC-coupled 
amplifier is 1 db down when x = 0-5. Thus w/w, = 0-5 and w 
corresponds to 3 Mc/s; w, therefore corresponds to 6 Mc/s. 


Relative response, db 


Frequency (I division = | octave) 


Fig. 60—Effect of maximal current feedback on the frequency 
response of a single-stage RC-coupled amplifier 
From (99) the effective anode shunt capacitance is given by 
_ Cc 
1 + gmRx 
30 
= 4 SAL Any pF 
1+8 x 10-% x 200 
__ 300 
26 P 
= 11:5 pF 


Cy’ 


F 


The current feedback has effectively reduced the anode-shunt 
capacitance to 1/2°6 of its real value. The valve behaves as though 
it had an output capacitance of 11:5 pF and the value of the anode 
resistor to give the desired frequency response can be obtained 
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from the value of w, and C;’ thus 


1 
Ra a Ce’ 
SLO 1 Q 
~ 6:284 x 6 x 10® x 11°5 x 10-1!” 
= 2:3 ko 


The effective mutual conductance of the valve is reduced by feedback 
in the same ratio as the effective output capacitance and is thus 
given by 8/2-6 = 3-08 mA/V giving the stage gain as 


A = gmRa 
= 3:08 x 10-° x 2:3 x 108 
= 7 only 


The value of Cy, necessary to give this performance can be deter- 
mined by equating the time constants of anode and cathode 
components. 


Ree = RaC: 


_ 2,300 x 30 5. 
= —300 ~~ ?P 


== 345 pF 


The gain is approximately 0-4 times that available from a shunt- 
inductance circuit with the same frequency response (and thus the 
same rise time) and is equal to that obtained from the same valve 
with an anode resistor of 2,300/2°6 = 890Q and a decoupled 
cathode circuit. To offset this disadvantage, the feedback circuit 
has better linearity at low frequencies and greater output signal- 
handling capacity. 

The latter advantage arises in the following manner: Because of 
the effective reduction in output capacitance, a valve with feedback 
can be operated with a higher value of anode-load resistor than the 
same valve without feedback yet giving the same frequency response. 
This increased value of anode load enables the valve to deliver a 
bigger output-voltage swing for a given anode-current swing than 
without feedback. Thus feedback of this type may be used to 
obtain a larger undistorted output from a given valve, or alterna- 
tively, if no increase in output is required, enables a valve to be 
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replaced by a smaller-current type which can deliver the required 
signal by virtue of feedback. 


5.4 ADJUSTMENT OF FEEDBACK INDEPENDENTLY OF BIAS 

In particular circumstances it may happen that the value of 
cathode resistor required for grid bias purposes is also suitable for 
providing current feedback, and a single cathode resistor can 


ll aceesy 

{ 

{ t 

! 

: 4 

= Ra é 

r py fb 

( ) 

' 1 

i i 

| ! 

Lose L. 0 HT- 
ta) «b> 


Fig. 61—A circuit providing 
(a) less and (b) more current 
feedback than is given by the 
bias resistor. Diagram (c) 
shows the circuit (b) redrawn 
in a form more suitable for 
calculation 


(¢) 


be used. In general, however, feedback requirements necessitate 
a value of resistor which differs from that required to supply grid 
bias and Fig. 61(a) gives a circuit diagram in which the degree of 
feedback is less than that provided by an unbypassed bias resistor. 
The bias resistance Rp comprises two resistors, Ry» and R,, in 
series but of these only one, Ryo, is required to give current feedback. 
The other, R,, is therefore shunted by a large-value capacitor Cy, 
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the reactance of which is so small that the video signals generated 
across it by the alternating component of valve anode current are 
negligible. The feedback voltage is developed across Ryp only and 
this is shunted by a small capacitor Cy») which has the effect of 
reducing the feedback as frequency rises, thus maintaining the 
frequency response as explained above. 

In the circuit of Fig. 61(b) the degree of feedback is greater than 
that provided by the cathode bias resistor. To make the 
cathode resistance larger than Rp, an additional resistor R, is 
introduced in series with it. Neither of the two resistors is de- 
coupled and both are effective in providing feedback. The feedback 
is made to vary with frequency by inclusion of the capacitor Cyp. 
The grid leak Ry is returned to the junction of R, and Rp in order 
to give the correct bias, i.e., in order that the steady voltage between 
grid and cathode shall be due to the steady component of anode 
current flowing in Ro. 

Calculation of the degree of feedback in circuits such as those 
illustrated in Fig. 61(a) and (b) is not always as straightforward 
as might be imagined because the feedback is dependent on the 
impedance of the signal source and on the point of the cathode 
circuit to which the grid leak is returned. The signal source 
impedance is often approximately equal to the anode-load resistor 
Ra of the previous valve and is indicated as such in Fig. 61. The 
dependence of feedback on these factors can be more easily 
visualised by drawing the circuit diagram in an unconventional 
form. Fig. 61(c) gives the circuit of Fig. 61(b) redrawn thus. 

Fig. 61(c) shows that the grid of the valve is connected to the 
junction of a potential divider composed of Ra and Ry and that this 
divider is connected across part (R,) of the cathode load. Because 
of this, the voltage generated across the cathode load by the 
alternating component of anode current is not applied between 
grid and cathode in full, and thus the whole of the cathode circuit 
is not fully effective in providing current feedback. The voltage 
across Ry is fully effective but that generated across R, is reduced 
in the ratio Rg/(Ra + Ry) before application to the grid. If R, is 
small compared with R, (which is often true in practice) this 
reduction is negligible and R, and R, are both fully effective in 
providing feedback. If, however, Ra and Rg are comparable, the 
reduction is considerable and must be taken into account in 
calculating feedback. 


5.5 THREE-ELEMENT CURRENT-FEEDBACK CIRCUIT 


It has already been shown that a shunt-inductance circuit can 
be made to give a closer approximation to the ideal response by 
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the inclusion of further capacitors or inductors of suitable value. 
A similar process can be applied to the cathode circuit and a 
3-element current-feedback circuit is illustrated in Fig. 62. The 
circuit is basically that of Fig. 59 but an inductor is connected in 
series with the cathode capacitor C,. White* suggests that a 
value for Lx is 0-5eCx/gm* where e = Ra/R~ = CrCt. 


be one ee ee 


2» 
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Oo 
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Fig. 62—Three-element current-feedback circuit 


Numerical Example 


Suppose gm = 8 MA/V, Ra = 2 ka, Cy = 25 pF and Ry = 1500. 
The values of C;, and Ly are required. We have 


== 13-33 


* E. L. C. White, “ Design of a Television Camera Channel for a C.P.S. 
Emitron.”” J.E.E. Journal, November 1950. 
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and 
Cy = eC: 
= 13-33 x 25 pF 
= 333 pF 
The value of the cathode inductor is therefore given by 
Q- 
nate 
_ 0°59 x 13°33 x 333 x 107" 
8? x 10-8 
= 34-7 wH 


A circuit such as that shown in Fig. 62 gives about half the gain 
of a four-element shunt-inductance circuit with the same band- 
width but as already pointed out the feedback circuit is capable of 
a larger undistorted output and at low frequencies has better 
linearity. 


APPENDIX D 


DECREASE IN GAIN DUE TO CURRENT NEGATIVE FEEDBACK 


Fic. D.1 gives the basic circuit of an amplifying stage which has 
an anode-load impedance Z, and a cathode impedance Z;. The 
alternating component of anode current J, in flowing through Z, 
produces the output voltage Vou: 


Vout = Za oe oe oe oe (1) 


In flowing through Z;, this current gives rise to the feedback 
voltage Vy, 
Vyo = LaZr Be bs es py *(Q) 


Moreover if Z, and Z; are both small in comparison with the anode 
a.c. resistance of the valve we have 


= &mV ok 
and, substituting for % in (1) 


Vout = &m VonZa 
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giving the internal gain A of the amplifier, ic., the gain measured 
with respect to a grid-cathode input signal as 


3 


pn er ey ne ©) 


Fig. D.1—Basic circuit for current negative feedback 


The external gain A’ of the amplifier, i.e., the gain measured with 
respect to an input signal Vin is similarly given by 


A’ = TO = By 'Za he. oe. ce 2 
in 


where gm’ is the effective value of mutual conductance. An 
expression for gm’ can be obtained as follows: 


Substituting gV jx for Ja in (2) we have 


Veo = &mVokZn 


From Fig. D.1 
Vin = Vox + Vyo 
= Von + 8mVokZr 
= Vox(l a &mZk) 
From which 
Vin 
V, vin 
che 1 + gmZx 
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Thus 
Vout a &mLa 2 


Vin J + &mZk 


Comparison of this with expression (4) shows that 


ies &m- 
o 1 + gmZx 


The effect of current feedback on the gain of an amplifier is thus 
equivalent to a reduction in effective mutual conductance from gin 


to m/(1 + &mZx). 
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CHAPTER 6 


RELATIONSHIP BETWEEN PASSBAND AND GAIN 


6.1 SIMPLE RC-COUPLED AMPLIFIER 
IN a simple RC-coupled amplifier the gain is 3 db down at the 
turnover frequency, i.e., the frequency for which w = wy = 1/RaCt. 
If this frequency is regarded as the upper limit of the passband F 
we have 

J 
27RaCt 
The gain A of the amplifier is equal to gmRa and substituting for 
Ra in (100) we have 


AF = ,°™ eee (101) 


passband = F = (100) 


This expression shows that the product of gain and bandwidth 
depends only on the mutual conductance and the sum of the input 
and output capacitances. It is therefore a constant for a given type 
of valve used as a simple RC-coupled amplifier. To give some 
indication of the magnitude of this constant let gm = 8 mA/V, 
Cy = 10 pF and C; = 20 pF. For a valve with such parameters 
the gain-bandwidth product is from (101) given by 


ee ae 
2 x 3:142 x 30 x 10-7? 
= 42-3 Mc/s 


AF = c/s 


From a knowledge of this constant, a number of calculations can 
be performed. For example if a 5-Mc/s bandwidth (measured to 
the 3 db-loss point) is required from an RC-coupled amplifier 
employing this particular type of valve, the maximum gain obtain- 
able is given by 


A= 
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To give this gain and bandwidth, a particular value of anode-load 
resistor is necessary. Its value can be obtained from the relation- 
ship 


A = gmRa 
Rearranging this we have 
A 
Ry = = 
a 2m 
Substituting the numerical values for A and gm 
8-46 
Ra = 5310-2 
= 1060 9 


As a second calculation, suppose the problem is to obtain the 
greatest bandwidth consistent with a particular value of gain. If 
the gain is, for example, 25, the maximum bandwidth obtainable 
from a simple RC-coupled amplifier using the particular type of 
valve described above is given by 


eae 


| 
| 
| 
= 


= 1-7 Mc/s 


and the value of anode-load resistor required is given by 
Ra = 

De. 

8 x 10-% 

= 31250 


As a third numerical calculation, suppose an amplifying stage is 
required to have a gain of 15 and a bandwidth of 4 Mc/s. Sub- 
stituting in (101) we have 


&m __ 
C = 27rAF 
6:284 x 15 x 4 x 108 


= 377 x 108 


I 


106 


RELATIONSHIP BETWEEN PASSBAND AND GAIN 


The problem now is to find a valve with such a value of gm/C:. If 
gm is 8 mA/V, the value of C; must not exceed 


a &m 
Ct = 377 x 08 
8 x 10-8 
377 x 108 


= 21 pF 
Alternatively if C; is 25 pF, gm must be greater than 
2m = 377 x 10° x G 
= 377 x 108 x 25 x 10- A/V 
=9-4mA/V 


to give the required performance. If it is impossible to find a valve 
for which gm/Cz is equal to or exceeds 377 x 10%, the required per- 
formance cannot be obtained without using an additional amplifying 
stage or a different type of circuit. The connection of two or more 
valves in parallel does not help: although this increases the effective 
mutual conductance, it also increases the capacitance in the same 
ratio and the performance is identical with that of a single valve. 


6.2 SHUNT-INDUCTANCE AMPLIFIER 


One way of achieving a greater gain-bandwidth product than is 
obtainable from a simple RC-coupled amplifier is to employ a 
shunt-inductance circuit. It was shown in Chapter 3 that such an 
amplifier can give approximately twice the gain of the RC-coupled 
amplifier for a given bandwidth. Thus the gain-bandwidth product 
for the shunt-inductance amplifier is given by 


= &m 
AF = 2X56 
_ &m 
= a ey <2 ob. 2002) 


This product is again constant for a given valve but its value differs 
from that for the simple RC-coupled amplifier. 


6.3 SERIES-INDUCTANCE AMPLIFIER 
It was shown in Chapter 4 that a series-inductance amplifier can 
give a gain of approximately three times that of a simple RC-coupled 
107 


TELEVISION ENGINEERING PRINCIPLES AND PRACTICE 


amplifier for the same bandwidth. Thus the gain-bandwidth product 
for such an amplifier is given by 


= §&m 
AF = 3x InC; 


_ 38m 
— jie eee (103) 


This product is constant for a given valve but its value differs from 
that for the simple RC-coupled and shunt-inductance amplifiers. 


6.4 FIGURE OF MERIT FOR A VALVE 


Expressions (101), (102) and (103) for the gain-bandwidth 
products of various types of video amplifier all contain the common 
factor gm/C:, the ratio of mutual conductance to the sum of the 
input and output capacitances. This ratio is a measure of the 
utility of the valve in video-frequency amplifiers and is known as 
the figure of merit or merit factor for the valve. 

The relationship between the gain-bandwidth product and the 
figure of merit depends on the type of circuit used and expressions 
(101), (102) and (103) apply to three circuits used for video-frequency 
amplification. These circuits have one feature in common, namely 
that the bandwidth is determined by both the output capacitance 
C, and the input capacitance C;. The bandwidth can be extended 
if Co or C; can be eliminated or reduced. Such an extension is 
possible by using a cathode follower after a gain stage; the input 
capacitance of a properly-designed cathode follower stage is very 
small and the major capacitance limiting the bandwidth of the 
previous gain stage is its own output capacitance Co. 

As an example of the improvement in bandwidth brought about 
by the use of a cathode follower let us consider a simple RC-coupled 
amplifier with gm = 8 mA/V and C, = 10 pF preceding the cathode 
follower. From expression (101) we have 


for a simple RC-coupled amplifier in which C; = Cy + C;. When 
the effect of C; is eliminated by the cathode follower, this expression 
becomes 


— _&m 
AF ~— 27Co 
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Substituting numerical values 
8 x 10-8 


AF = Seq x 10 x 10-2 


c/s 


= 127-3 Mc/s 


Since C; = 3C, this is three times the gain-bandwidth product 
available when no cathode follower is used and gives a gain of 
42 for 3 Mc/s bandwidth and 12-7 for 10 Mc/s bandwidth. 

Similar improvements are possible using other forms of gain 
stage before cathode followers. 


6.5 LIMITING VALUES OF GAIN 


Expressions (101), (102) and (103) show how the gain of a simple 
RC-coupled amplifier can be improved, without sacrificing band- 
width, by adopting first the shunt-inductance and second the series- 
inductance circuits. This process of improvement by the addition 
of further components cannot be continued indefinitely. For a 
given valve and a given bandwidth, there is a limiting value of gain 
which cannot be exceeded no matter how complex the circuit is 
made. For a valve for which C, is in parallel with the input 
capacitance C; of the following stage this limiting gain is given by 


From this we can calculate what fraction of the theoretical maximum 
gain is obtained in practice from the circuits which are described in 
earlier chapters and contain a limited number of components. We 
shall make the comparison at the turnover frequency. At this 
frequency w = 1/RaC; and substituting for w in the above expression 
gives the theoretical maximum gain as 2gmRa. 

Consider first the simple RC-coupled amplifier. This has a gain 
of gmRa at low frequencies but this falls at high frequencies and is 
equal to 0-707gmRa (corresponding to 3 db loss) at the turnover 
frequency. The theoretical maximum gain is 2gRo and thus an 
RC-coupled amplifier gives only 0-707/2 = 0-35 of the maximum 
gain at the turnover frequency. 

The shunt-inductance amplifier gives approximately double the 
gain of the RC-coupled amplifier at the turnover frequency and thus 
gives 0-71 of the maximum possible gain. 

If the valve input and output capacitances are separated by an 
impedance, as in the series-inductance circuit, the theoretical 
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maximum gain is given by 


A = 22m * 
saad wr/(CoCr) 


In practice Cy is often approximately 1/3rd of C; and C; is 2/3rds 
of C;. Substituting for Co and C; in the above expression we have 


3/22m 


Amaz == wCy 


From this we can estimate the fraction of the theoretical maximum 
gain which is obtained in practice from a series-inductance amplifier. 
We shall make the comparison at the turnover frequency for which 
w = 1/RaC;. Substituting for w in the above expression we have 


Amaz = 3+/2gmRa 

= 4-2429mRa 
It was shown in Chapter 4 that a series-inductance amplifier can 
be designed to give a gain of approximately three times that of a 
simple RC-coupled amplifier for the same bandwidth. The gain of 


the series-inductance amplifier at the turnover frequency is thus 
given by 


3gmRa 
/2 


Comparing this with the theoretical maximum gain available we see 
that the fraction of the maximum gain realised in practice is given by 


A _. 38mRa 5 
V2 34/2¢mRa 


A max 


tN} 


Thus series-inductance amplifiers can give higher gain than shunt- 
inductance types even though their gain is only 50 per cent of the 
theoretical maximum whereas that of the shunt-inductance amplifier 
is 70 per cent of the maximum. 


* H. A. Wheeler, ““ Wideband Amplifiers for Television.’? Proc. I.R.E., 
July 1939, Vol. 27, No. 7. 
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6.6 LIMITING VALUES OF FREQUENCY 


Expression (101) gives the gain-bandwidth product for an RC- 
coupled amplifier as 
_. &m 
Bik 27rCt 
and, as shown earlier in this chapter, if gm = 8 mA/V and C; = 
30 pF 
AF = 42:3 Mc/s 


If we put f = 42-3 Mc/s we find A = 1; ice., if the passband is to 
extend to 42-3 Mc/s, the anode load resistor must be made so small 
(= 1/gm) that the stage gain is only unity. This value of frequency 
is the highest that can be achieved with this type of valve and par- 
ticular form of coupling circuit; any attempt to extend the passband 
by further reduction of load resistor results in less than unity gain. 
For an RC-coupled amplifying stage therefore the upper Coe 
limit (fmaz) is given by 


Imax = eo 


There are similar expressions for the maximum frequencies 
obtainable with shunt- and series-inductance amplifiers. These can 
be obtained from expressions (102) and (103) and are as follows: 
for the shunt-inductance amplifier 


SI; max = al 
for the series-inductance amplifier 
_ 38m 
I max —_ = Ct 


This limitation on upper frequency cannot be overcome by con- 
necting valves in parallel because this increases shunt capacitance in 
the same ratio as mutual conductance and leaves the frequency 
response unaffected. Nor can it be overcome by connecting valves 
in cascade. As shown in the next chapter when stages are cascaded, 
it is necessary to decrease the anode-load resistors to preserve the 
bandwidth of the individual stages. If the gain is already unity, 
any reduction in load value results in less than unity gain for the 
stages and hence for the amplifier as a whole. 

The only way this frequency limitation can be avoided is to use 
a valve with a better merit factor (larger ratio of gm to C;) or to use 
a distributed amplifier (see Chapter 8). 
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AMPLIFYING STAGES CONNECTED IN CASCADE 


7.1 INTRODUCTION 


WE have so far considered the performance of typical single stages 
of amplification. These are important because video-frequency 
amplifiers usually contain a number of stages in cascade and the 
characteristics of each stage contribute to the overall characteristic 
of the amplifier. 


7.2 ADDITION OF FREQUENCY RESPONSES AND DELAY TIMES 


If the frequency response of the stages are expressed in decibels, 
the overall amplifier response can be determined by adding those of 
the individual stages. Similarly the overall group delay can be 
obtained by adding the group delays of the individual stages. The 
step responses are, however, not arithmetically additive; when a 
number of stages are cascaded, the chief effect on step response is 
an increase in apparent time delay, an increase in rise time and (if 
the stages have overshoot) an increase in amplitude and duration of 
overshoot. The increase in apparent time delay is indicated by 
the development of a foot on the step response, the length of 
the foot increasing as the number of stages is increased. The reason 
for the increased delay can be explained as follows: the first valve 
in the amplifier is fed with an abrupt voltage step but, because of 
the finite rise time of the first stage, the second stage receives a 
voltage which takes an appreciable time to build up to its final 
value. The input to the third stage is even slower in reaching its 
final value and the apparent delay thus increases as the number of 
stages is increased. This is illustrated in Fig. 63 which shows the 
step response for 1, 2, 4 and 8 identical shunt-inductance stages 
with a = 0°5. 


7.3 ADDITION OF RISE TIMES 


When two or more amplifier stages, each with the same rise time, 
are cascaded, the overall rise time is increased. As shown by 
Kallmann, Spencer and Singer* the overall rise time is related to 
the value for an individual stage by a law depending on the shape 


* H. E. Kallmann, R. E. Spencer and C. P. Singer, ‘“‘ Transient Response.”’ 
Proc. ILR.E., March 1945, Vol. 33, No. 3. 
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of the transition curve. For example when shunt-inductance stages 
with a = 0°6 are cascaded, the rise time is increased to 1-4 times its 
original value every time the number of stages is doubled. The 
multiplication factor is 1-3 when a = 0-7 and 1:25 when a = 1-0. 
There is however considerable overshoot for large values of a and 
small values, such as a = 0-4, are used in practice. Provided over- 
shoot is not excessive, the multiplication factor is approximately 
1-41 for shunt-inductance and series-inductance amplifiers. This 
particular value of multiplication factor is equivalent to addition 
by squaring the individual rise times, adding them and finding the 


Percentage of final amplitude 


Value of t/RgCr 


Fig. 63—Step response of amplifiers consisting of 1, 2, 4 and 8 identical 
shunt-inductance stages 


Square root of the sum. This can be shown in the following way 
in which ¢, is the rise time per stage and f, the overall rise time. 
It is assumed that there are stages in cascade 


m= Vt +12 +1,? .... terms) 
= VJ (nt ,*) 
= V/nt, 
Thus when n = ? 
tn = / 2ty 
= 1-411, 
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When n = 4 


tn = 2t, 
and when n = 8 
tn = 8ty 
= 24/21; 
== 28304 


7.4 USE OF COMPLEMENTARY CHARACTERISTICS 


If the individual stages had ideal frequency- and group-delay 
characteristics, any number of stages could be cascaded without 
effect on the frequency response, group-delay response or the rise 
time. In practice, however, individual stages are not ideal and as 
the number of stages cascaded increases, the passband becomes 
narrower and the group-delay curve departs more and more from a 
level response. 

Although the previous statement is true in general, it is sometimes 
possible to select a stage which will equalise the frequency response 
and the group-delay curve of a second stage, the overall charac- 
teristics of the combination thus being nearer the ideal than those 
of either stage alone. 

For example, a simple RC-coupled stage has a frequency response 
which is 3 db down at the frequency for which x = 1 and a shunt- 
inductance stage with a = 0-7 has a response approximately 2 db 
up at this same value of x, as can be seen by interpolation from 
Fig. 43. If both circuits have the same value of w,, the ordinates 
at x = 1 can be added to show that the combination of both circuits 
has a response which is 1 db down at x = 1. 

The group delay-frequency characteristics for these two circuits 
can both be estimated from Fig. 45, they are of opposite curvature 
up to x = 1 giving an overall characteristic which is better approxi- 
mation to the ideal than that of either circuit alone. 


7.5 DECREASE IN STAGE GAIN TO GIVE CONSTANT PASSBAND WHEN 
CASCADING 


When a number of identical amplifying stages are connected in 
cascade the passband is decreased. This can be illustrated by 
reference to an amplifier consisting of two similar RC-coupled 
stages. Each stage alone has a passband extending to the frequency 
for which x = 1 as shown in Fig. 38, the response at this frequency 
being 3 db down. 
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The frequency response of two circuits in cascade is 6 db down 
at x = | and is 3 db down at that frequency for which each individual 
stage is 1-5 db down. From Fig. 38 this frequency is given by 
x = 0-65; thus the passband of the two-stage amplifier is approxi- 
mately two-thirds that of the individual stages. This implies, of 
course, that the rise time for the amplifier is approximately 1-5 times 
that of the individual stages. If the passband of the two-stage 
amplifier is required to extend to x = 1, i.e., if the response is to be 
3 db down at x = 1, the individual stages must be designed to be 
1-5 db down at x = 1. This can only be done by increasing the 
value of w, for the stages and, to obtain the desired response, 
w, must be increased to 1-5 times its original value; as C; is fixed, 
w, can only be increased by decreasing Rg and this decreases the 
gain per stage in the same ratio. The stage gain is thus 1/1:5 = 
0-67 of its original value and the overall gain is (1/1-5)? = 4/9, 
i.e., Just under half of what it would have been if the anode resistors 
had not been reduced. 

The reduction in individual stage gain necessary to preserve a 
given passband becomes very marked as the number of stages is 
increased and, in fact, ultimately sets a limit to the number of stages 
which can profitably be used. This can be shown in the following 
way, in which for simplicity, simple RC-coupled amplifiers are 
assumed. The result, however, is of general application. 

From expression (13) the gain of a simple RC-coupled amplifier 
at high frequencies is given by | 


| mRa 
4 = ay tt say te ae ee (104) 


If n similar stages, each with an anode resistor of value Rn, are 
connected in cascade the overall gain An is given by 


(SmRn)” 
An = An =— d+ oC AR, 2A oe ae (105) 


The passband limit occurs where the gain falls to 1/4/2 of its 
value (gmRn)” at medium frequencies and at this frequency 


1 1 
(1 + w?C;2Rp?)"/?2 = 4/2 


(1 + w2C)?Rn2)” = 2 
wCPRy? = 2" — 1 


wCrR, = V/(2¥* — 1) we we (106) 
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If the passband limit w is to equal that of a single stage with an 
anode resistor of Ra we have 


QO = 1/RaCt 

and substituting for w in (106) 
Mis Otte =i) a. 07) 
Ra 


This expresses the relationship between Rn and Ra which must be 
satisfied in order that an amplifier having n stages each with an 
anode resistor of R, should have the same passband as a single 
stage employing an anode resistor of Rg. For example if » = 2 
we have 


I 


Ra V(V2 — I) 


= /0-4l 
= 0-64 


This shows that the anode-load resistors in a two-stage amplifier 
should each be 0-64 of the anode-load resistor of a single-stage 
amplifier for both amplifiers to have the same passband. This 
confirms the result deduced from frequency-response curves above. 

The relationship between R,/ Ra and n is illustrated in the following 
table. 


This table shows how the value of the anode resistors must be 
progressively reduced (to maintain the passband) as the number of 
stages in an amplifier is increased. This reduction ultimately sets a 
limit to the number of stages which can profitably be cascaded. 

As the number of cascaded stages is increased, this limit is reached 
when the additional gain due to a further stage is just neutralised by 
the loss occasioned by the reduction in value of the anode-load 
resistors (necessary to preserve the bandwidth). If the number of 
stages is increased beyond this point, the overall gain of the amplifier 
begins to fall and ultimately reaches unity if the number of stages 
is increased sufficiently. Thus the gain of an amplifier rises to a 
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Fig. 64—Curves illustrating the relationship between overall 

amplifier gain and number of stages for a number of values of 

stage gain. It is assumed that the value of the anode-load 
resistors is always adjusted to give the same passband 


maximum and then falls as the number of stages is increased, 
provided the value of the anode resistors is at all times adjusted to 
maintain a constant passband. 

This is illustrated in Fig. 64 which shows the relationship between 
overall gain and number of stages for a number of individual values 
of stage gain. For convenience overall and stage gains are expressed 
indb. The curves show that if the stage gain is low, the number of 
stages which can profitably be cascaded is extremely small. For 
example if the stage gain is 4, the optimum number of stages is also 
4 giving an overall gain of 8 (18 db). If the number of stages is 
increased or decreased from 4, the overall gain falls. If the gain 
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per stage is high, the number of stages which can be profitably 
cascaded is also high. For example when the stage gain is 10, an 
overall gain of nearly 1,000 (60 db) can be obtained with 4 stages 
and 10,000 (80 db) with 8 stages, both numbers being well below 
the optimum number of stages which can be cascaded for this value 
of stage gain. 

The curves of Fig. 64 were calculated in the following way. The 
gain of a multi-stage amplifier is given by 


An = (&mRn)" be ie ie (108) 
Substituting for Ry» from (107) 
An =— &m"Ra” Qin uaa 1)”/2 
= AnQun — J)n72 es ag (109) 


where A is the gain of a single-stage amplifier with an anode resistor 
of Ra. 


As a numerical example suppose the stage gain is 6 (15-6 db) and 
we require to know the gain of a 6-stage amplifier with the same 
bandwidth. Substituting for 4 and 7 in (109) 


An = 69218 — 1)8 
69(0-1225)8 
= 86 


I 


i.e., nearly 39 db. 

The considerations discussed above apply whether the stages 
connected in cascade belong to one or a number of amplifiers. If 
an amplifier with a gain of, say, 45 db is connected in cascade with 
a similar amplifier, the overall gain is 90 db, but the bandwidth is 
reduced by the introduction of the second amplifier and this is true 
whether the amplifiers are close physically or separated by other 
equipment such as lines. 


7.6 DESIGN OF A MULTI-VALVE AMPLIFIER 


The minimum number of similar stages necessary in an amplifier 
can be determined in the following manner. 


1. The maximum permissible drop in gain at the upper-frequency 
limit of the amplifier is known (it does not usually exceed 2 db) 
and this should be divided by a number n which is a rough 
estimate of the number of stages required. In this way the 
maximum permissible drop in gain per stage is obtained. 

2. Knowing this and the upper-frequency limit of the amplifier, 
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the value of w, for the stages can be found from the universal 
frequency-response curves. Rg can be determined from the 
relationship Ra = 1/w,C; and the stage gain from A = gmRa. 

3. The overall gain of the amplifier can be obtained from the 
expression (gmRa)”. If this is less than the required overall 
gain, the calculation must be repeated for a larger value of n; 
if (gmRa) exceeds the wanted overall gain, the calculation must 
be repeated for a smaller value of n. 


7.7 AMPLIFIERS WITH ALTERNATE GAIN STAGES AND CATHODE 
FOLLOWERS 


Video-frequency amplifiers are sometimes constructed of alternate 
gain stages and cathode followers as shown in Fig. 65. Although 
the cathode followers have each a gain of slightly less than unity, 


oHT + 
+ 
(ne) 
SHUNT — . CATHODE GAIN 
INDUCTANCE FOLLOWER STAGE 
GAIN STAGE. 2 ~ ; 
I 3 
ae: E 2 
| a CS ‘ 
i 
i 
| co 
INPUT 
ch 
1 
oO HT- 


Fig. 65—Section of a video amplifier consisting of alternate gain 
stages and cathode followers 


their inclusion results in a considerable improvement in amplifier 
performance. The reason for this was mentioned in Chapter 6; 
the cathode followers act as buffers and prevent the input capacitance 
C; of the gain stages appearing in parallel with the output capaci- 
tance C, of the previous gain stage. In other words the input 
capacitance of the cathode followers is very small and the total shunt 
capacitance at the anode of each gain stage only slightly exceeds its 
own output capacitance. Each gain stage may thus have higher 
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values of anode-load resistor (implying higher gain) than would be 
possible in the absence of the cathode followers. 

The input capacitance of a cathode follower is small only if the 
output load is high. For successful operation of this circuit, 
therefore, the cathode-follower load must be high at all frequencies 
in the video band. This load consists essentially of the cathode 
resistor in parallel with the input capacitance of the following gain 
stage. There is no difficulty in making the resistor value sufficiently 
high but the shunt capacitance can become a limiting factor. The 
circuit will operate successfully provided the shunt reactance is 
large compared with the output impedance of the cathode follower 
at the highest video frequency. If the cathode follower has a 
mutual conductance of 5 mA/V, its output impedance (1/gm) is 
approximately 1/(5 x 10-8) = 200 9. If the input capacitance of 
the following stage is 20 pF, its reactance at 3 Mc/s is given by 


ae 

xX = oC 
~ 6-284 x 3 x 10° x 20 x 10-22 
— 2,650 9 


which satisfies the required condition because it is large compared 
with 200 @. In fact the frequency has to be raised to 40 Mc/s 
before the shunt reactance equals 200 0. 
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DISTRIBUTED AMPLIFIERS 


8.1 INTRODUCTION 


In Chapter 6 it is explained that there is no point in connecting 
similar valves in parallel in an effort to improve high-frequency 
response. The factor which determines the utility of a valve in a 
video-frequency amplifier is gm/C; and, by a parallel connection, 
2m and C; are both increased in the same ratio, leaving the frequency 
response unaffected. 

If, however, an amplifier could be built in which valves are 
connected in parallel in such a way that their mutual conductances 
are additive whilst their capacitances are not, such an amplifier 
would not be subject to the upper frequency limitations discussed 
in Chapter 6 and very wide-band passbands would be possible. 
Such a method of paralleling is possible by using delay lines as 
inter-valve coupling elements and amplifiers employing this technique 
are termed distributed amplifiers. 


8.2 FUNDAMENTAL CONSIDERATIONS 


The basic circuit of a distributed amplifier is given in Fig. 66. 
The grids of a number of valves are connected together via inductors 
L, in such a way that these, together with the input capacitances 
C; of the valves (shown dotted), form a delay line. The input 
signal is applied to one end of this line and the other end is 
terminated in a resistor equal to the characteristic impedance 
4/(Lq/Ci) of the line. The anodes of the valves are similarly con- 
nected via inductors Lg which, together with the output capacitances 
Co (shown dotted), also form a delay line. This line is terminated 
in its characteristic impedance +/(La/Co) at the left-hand end, the 
output load being connected to the right-hand end. 

A signal applied to the input of the grid line sets up a wave which 
travels to the right at a velocity given by 1/./(ZgC;). On reaching 
the right-hand end of the line, this wave is absorbed in the terminating 
resistance and, provided this resistance is of the right value, there 
is no reflection. As the wave travels along the line it excites each 
of the valves in turn and each valve develops a corresponding 
current waveform in the anode circuit. The output of each valve 
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divides into two, half being transmitted to the left to be absorbed 
in the terminating resistance and the other half being transmitted 
to the right to form the output signal of the amplifier. Provided 
the anode-line terminating resistance is of the right value, the 
backwards-travelling wave is completely absorbed in the terminating 
resistance and there is no reflected wave to interfere with the 
forwards-travelling wave. The useful outputs from all the valves 
are additive, provided the velocity of propagation along the anode 
line 1/+/(ZaCo) is equal to that along the grid line. 

The current flowing into the output load from each valve is 
one half that due to the same number of valves connected directly 
in parallel and the gain of the amplifier is thus given by 


A = "Enka oe ee (110) 


where 7 is the number of valves, 
£m is the mutual conductance of the valves 
Rg is the anode load resistance. 


This expression shows that each valve behaves as though it had 
half its nominal mutual conductance, half the output power being 
wasted in the anode-line terminating resistor. In spite of this 
loss, however, the distributed amplifier is capable of a performance 
not possible with conventional cascaded amplifiers. 

The gain of a distributed amplifier is directly proportional to 
the number of valves and any desired gain can be obtained by using 
enough valves. Provided the anode and grid lines are properly 
terminated, the addition of further valves to a distributed amplifier 
does not affect the input or output impedance but merely increases 
the number of sections in the grid and anode lines. 


8.3 SUPERIORITY OVER CONVENTIONAL CASCADED AMPLIFIERS 


It was shown in Chapters 6 and 7 that a conventional cascaded 
amplifier has an upper frequency limit beyond which it is impossible 
to amplify; this limit arises when the anode-load resistor is reduced 
to such a low value (to extend the passband) that the stage gain 
falls to unity. 

This limitation does not apply to distributed amplifiers; even 
when Rg is so low that gmRq is less than unity, the overall amplifier 
gain can be made to exceed unity by using sufficient stages. This 
is because every valve added to a distributed amplifier contributes 
its quota to the output and it is not necessary to reduce the anode 
loads to maintain the bandwidth as in cascaded amplifiers. A 
distributed amplifier with a gain of several decibels up to a frequency 
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of, say, 200 Mc/s can be built using valves which, in conventional 
circuits, have an upper frequency limit of, say, 50 Mc/s. 

Such an amplifier might require a large number of valves if they 
were all connected in parallel as in the basic circuit of Fig. 66. 
It is, however, possible to reduce the number of valves necessary 
to give a required gain and passband, by using a cascade arrangement 
of distributed amplifiers. In other words, it may be more 
economical to use, say, 2 distributed amplifiers in cascade, each 
containing 4 valves, than to build a single distributed amplifier to 
give the same performance, which may require say 12 valves. 
When distributed amplifiers are connected in cascade, there is an 
effective reduction in passband and to avoid this the effective anode 
loads must be reduced by choice of values of Lg and Ly. There 
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Fig. 66—Basic features of a distributed amplifier 


are, of course, a large number of possible arrangements in which 
a given type of valve can be employed to produce a required gain 
and passband but there is one optimum arrangement which requires 
the least number of valves. 


8.4 FREQUENCY AND PHASE CHARACTERISTICS OF DISTRIBUTED 
AMPLIFIERS 


The grid and anode delay lines are of the form of low-pass 
filters. One of the properties of such networks is that the impedance 
measured across the shunt capacitors is substantially constant at 
low frequencies but rises as frequency approaches the cut-off value 
for the network, given by 1/7«/(LC). These impedances constitute 
the anode loads into which the valves work; thus the overall 
frequency response of the amplifier rises as frequency approaches 
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the cut-off value. The phase-frequency characteristic also shows 
divergences from the ideal as this frequency is approached. 

There are a number of ways in which these variations in frequency 
and phase response can be reduced. One method is to introduce 
mutual inductance between successive sections of the grid and anode 
lines. Practically this may be achieved by connecting the grids and 
anodes of the valves to the centre points of the inductors as shown 
in Fig. 67. There is an optimum value of mutual inductance, 
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Fig. 67—Basic circuit of alternative form of distributed amplifier 


which depends on the valves and passband required, and for this 
value the frequency and phase characteristics are satisfactory up 
to 0°8 of the cut-off frequency. 


Numerical Example 


To give some indication of the order of component values required, 
we will consider the design of a distributed amplifier using valves 
with gm = 8 mA/V, C; = 20 pF and C, = 10 pF and required to 
have a passband extending to 50 Mc/s. 

If 50 Mc/s represents 0-8 of the cut-off frequency, fc, we have 


50 
te = 0-8 Mc/s 


= 62-5 Mc/s 
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This is the cut-off frequency for both lines. Hence 
1 1 


f, = — 
a: V (LCi) m/(LaCo) 
from which 
1 
LgC; = LaCo =z 1 f,2 
giving 
1 
Ly mf 2Cy 
and Lg = se 
mfe?Co 
Substituting for 7, f, and C; 
1 
Po = 3.1898 x 625x109? X 20x10 
= 1-3 pH 


Since Co = C;/2, La = 2Ly = 2°6 pH. 
The grid-line terminating resistance is equal to the characteristic 
impedance of the grid line and is given by 


Lys (1:3 x 10-8 
Ci =a Gaara 


= 255 0 


This is also the input resistance of the amplifier. 

Since Co = C;/2 and Lg = 2L, the characteristic impedance of 
the anode line is four times that of the grid line and is thus 
4 x 550 =1020Q. This is also the effective anode load of each 
of the valves. The gain of each stage is given by 


_ §mRa 
eran) 
__ 8x 10-*x 1020 
= 3 
= 4-08 


the factor of 2 being necessary because only half the anode current 
of each valve is useful. A gain of 20 (26 db) can thus be obtained 
by using five valves in the distributed amplifier. 

The passband of this amplifier extends to 50 Mc/s whereas the 
maximum frequency at which valves of this type can give worthwhile 
gain in conventional circuits is 42:3 Mc/s as shown on p. 111. 
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PHASE EQUALISERS 


9.1 INTRODUCTION 


CERTAIN types of network, notably lattice structures, have a level 
frequency response and a phase-frequency characteristic with 
curvature opposite in form to that obtained from video-frequency 
gain stages such as shunt- and series-inductance amplifiers. If 
such a network is used in conjunction with a gain stage, it has no 
effect on the frequency response of the amplifier but can, by suitable 
design, reduce the phase distortion. 

Networks used for this purpose are termed phase equalisers and 
amplifiers intended for use with them can be designed to give higher 
gain than if no phase equalisation is intended; the reason is that 
the form of the phase-frequency characteristic of the amplifier is 
no longer a limiting factor in design. 


9.2 FREQUENCY RESPONSE OF SYMMETRICAL LATTICE NETWORK 


In general a lattice network has two series and two shunt elements 
as shown in Fig. 68; this particular network is a symmetrical one 
in which both series elements are equal to Z, and both shunt 


Fig. 68—General form of symmetrical lattice network 


elements are equal to Z,. The network is shown terminated in a 
resistance Re. For purposes of calculation it is often more con- 
venient to redraw the network in the form of a bridge circuit as 
Shown in Fig. 69. If Re is made equal to the iterative impedance of 
the network, the ratio of the output to the input voltage is given by 


ee se V(Z |Z) 
ie eyes. ee ae) 
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This expression is derived in Appendix E at the end of this chapter. 
The frequency response of the network is thus given by 


Vi 1— f(Z,/Z 
20 log io aa = 20 log, mee ioe’ (112) 


9.3 SimpLe LATTICE NETWORK 


In the simplest type of lattice network which can be used for 
phase equalisation, the series elements are equal inductors and the 
shunt elements equal capacitors. The network thus has the circuit 
shown in Fig. 70. 


Shiela eas 
. 


ee as 


p= —-==— Vout --=o- 


Fig. 70—Simple lattice network 
Fig. 69—Network of Fig. 68 redrawn composed of two inductors and 
in bridge form two capacitors 


9.3.1 Frequency Response of Simple LC Lattice Network 
Comparing the circuits of Figs. 69 and 70 we have 


and Z, = I[/joC 
21 _ 
. TZ, aa w LC 
Let w, be the resonant angular frequency of LC. Then 
1 
= So 113 
and Z,/Z, may be written 
Fi LO 
Z2 < wr” 
=—z? .. ei oe .. (14) 
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where Zz = w/w, and is a variable directly proportional to frequency. 
Substituting for Z,/Z, from (114) in (111) 


Vout _ | — v(—2") 
Vin =1L+V(—2*) 


Since j = «/(—1) this may be written 


V out 1 — jz 
oes ee 115 
from which 
Vout = I+ 31) 
Vin v(, + z? 
al | 


Thus the output voltage is equal to the input voltage at all 
frequencies. The network introduces no loss and may be inserted 
in a video-amplifying chain without effect on the gain or frequency 
response of the chain. 


9.3.2 Phase Response of Simple LC Lattice Network 


This characteristic can be deduced by rationalising expression (115) 
thus 
Vour I -klIi-g 
Vig Wee eee 
ee ae ee 


1+ 22 


This expression is of the form (R +jX) and the phase angle ¢ 
between Voy: and Vin is given by tan-1X/R, i.e., 


— 2z 


ae 1 me 
¢@ = tan lo 


(116) 
which, for values of z of less than unity, gives a negative phase 
angle, i.e., a lagging phase. Differentiating to obtain an expression 
for the normalised group delay we have 


d¢ —2 
a ee ay) 
a result also deduced in Appendix E. In expression (117) the 
negative sign can be neglected, since a negative phase angle implies 
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positive delay. The group delay is thus given by 


dp _ 1_ dp 
dw Wr dz 
1. -—2 
ae 1422 ot er ae (118) 


The variation of ¢ and d¢/dz with z is illustrated in Fig. 71; the 
curvature of these characteristics is such that if they are added to 
those of some of the amplifier circuits described earlier, the overall 
phase shift (or group delay) shows less departure from the ideal 
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Fig. 71—Variation with frequency of phase angle and normalised 
group delay of a simple lattice network 


characteristic than that of the amplifier alone. The phase-compen- 
sating stage increases the overall phase shift or group delay but 
decreases the rise time and improves reproduction of transients. 


9.3.3 Design of a Simple Phase Equaliser 


The component values required in a network to phase equalise 
an amplifier are usually determined empirically. The amplifier is 
phase corrected by means of a variable phase equaliser, the controls 
of which are adjusted to give the best possible pulse response. 
The equaliser can then be prepared from the information given by 
the readings on the dials of the variable equaliser. 

However, to give some indication of the order of component 
values required in phase equalisers, the constants of a simple lattice 
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Fig. 72—Phase response for an amplifier, its equaliser and the 
combination 


network required to equalise a particular amplifier, will be evaluated 
analytically. This method cannot usually be employed in practice 
because the phase characteristics of the amplifier are seldom known 
with sufficient accuracy. We shall assume that the amplifier to 
be equalised is a series-inductance type with c = 0-8 and K = 0-67, 
the passband extending to x = 1-5 which corresponds to 3 Mc/s. 
Since w/w, = 1-5 when w is equivalent to 3 Mc/s, wy is equivalent 
to 2 Mc/s. 

The phase-frequency curve for such an amplifier is given in Fig. 55; 
it shows that the deviations from the ideal linear response are 
considerable, particularly near the upper limit of the passband. 
When x = 1:5 the phase angle lags 16-5° on the ideal value but the 
deviations are less at lower frequencies; this is illustrated in Fig. 72 
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in which the difference between the real and ideal response is 
‘plotted as a function of frequency expressed in Mc/s. 

To phase compensate such an amplifier, the equaliser must have 
a phase response which also deviates from linearity by 16-5° at 
3 Mc/s, the deviation being of opposite sign to that of the amplifier. 
Examination of the phase response of the simple ZC equaliser 
(Fig. 71) shows that the deviation is of the necessary amount and 
in the desired sense when z = 0-875. Thus w/w, = 0-875 when 
w is equivalent to 3 Mc/s and w, is therefore equivalent to 3/0-875= 
3:43 Mc/s. The lower curve of Fig. 72 gives the phase response of 
the equaliser plotted against frequency. 
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Fig. 73—Variation with frequency of group delay for amplifier, 
equaliser and the combination 


By adding the curves for amplifier and equaliser in Fig. 72 we 
obtain a third curve illustrating the overall phase response of the 
amplifier and equaliser. This shows that there is a small residual 
phase error at frequencies between 2-0 Mc/s and 2:5 Mc/s. 

To assess the significance of these phase errors the group delay- 
frequency curves for amplifier, equaliser and the combination are 
given in Fig. 73. The curve for the amplifier was obtained from 
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Fig. 56 in the following way. The value of x corresponding to 
any given frequency is obtained from the relationship 
(63) 
eae 
Wo 
in which w, corresponds to 2 Mc/s. The normalised group delay 
corresponding to this value of x is determined by interpolation from 
Fig. 56. Finally, the group delay is obtained by dividing the 
normalised group delay by w. 
The curve for the equaliser was obtained from Fig. 71 by a similar 
method. First the value of z for any given frequency is determined 
from the relationship 


z= 
Wr 


in which w, corresponds to 3:43 Mc/s. The normalised group 
delay for this value of z is obtained by interpolation from Fig. 71 
and finally the group delay is determined by dividing the normalised 
group delay by w,. 

The overall group delay curve in Fig. 73 was obtained by simple 
addition of the other two. Before equalisation the group delay for 
the amplifier varied from 0-08 psec to 0-14 psec, a change of 0-06 
usec; after equalisation the variation is from 0-17 usec to 0-20 psec, 
a change of 0-03 sec. Although the total group delay is increased 
by phase equalisation, the variation of group delay with frequency 
is reduced. 


9.3.4 Calculation of Equaliser Component Values 


The value of w, for the phase equaliser determines the product LC 
according to expression (113) 
Spent 

V(LC) 

The iterative impedance of the equaliser determines the quotient 
L/C as shown in general terms in expression (3) of Appendix E. 


Wr 


These two expressions together determine L and C. Multiplying 
the expressions we have 
1 
wrRe — C 
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1 
= aR (119) 
Substituting for C in (113) 
| a ee (0) 
Wr 


In the equaliser discussed above w, = 3-43 Mc/s. Suppose Re 
is required to be 300 Q. Substituting in (119) 


1 


C = 6.784 x 3-4 x 10* x 300 F 
= 156 pF 
Substituting in (120) 
300 
L = 62584 x 3-4 x 10°F 
= 14yH 


The characteristics of an equaliser of this type can be varied, to 
suit the phase response of the amplifier requiring compensation, 
by alteration of the value of w,. This is best achieved by increasing 
or decreasing L and C in the same ratio, keeping the quotient 
L/C, and hence the iterative impedance of the equaliser, constant. 
The shape of the phase characteristic of the equaliser is, however, 
unaffected by variation of wy and this type of equaliser is therefore 
not so flexible as those in which the shape of the phase characteristic 
can also be varied. 


9.4 MORE COMPLEX PHASE EQUALISERS 
9.4.1 Introduction 


If the amplifier to be phase equalised has a number of stages it 
may happen that the characteristics of a simple LC phase equaliser 
is inadequate to effect the necessary correction. Two or more 
simple LC equalisers may then be used in cascade and, to obtain 
the calculated performance, each section must be terminated in a 
resistance equal to the iterative impedance of the section. It is 
best to design each section to have the same value of iterative 
impedance because all sections can then be correctly terminated 
by a single resistor of the correct value connected at the end of the 
equaliser chain. 

Sometimes, however, even a multi-section equaliser of this type 
is incapable of providing the required degree of correction and a 
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more complex type of equaliser is employed. One of the dis- 
advantages of the simple LC equaliser is that the shape of the phase 
characteristic (Fig. 71) is fixed and does not always fit the 
characteristic of the amplifier to be equalised and in the more 
complex type it is desirable to have some control over the character- 
istic shape. This facility can be achieved by the introduction of 


Fig. 74—More complex phase equaliser 


further circuit elements into the equaliser; for example, the sym- 
metrical lattice form can be retained and the required facility 
_ obtained by using a parallel LC circuit for each series element and 
a series LC circuit for each shunt element, as shown in Fig. 74. 


9.4.2 Frequency Response _ 

In an equaliser of the type shown in Fig. 74 it is usual to arrange 
for the resonance frequencies of all four LC circuits to be equal. 
Thus 


fe Ce, Sa 
ES hee = doaG, 
from which 
L,C,=L.C, .. - 7 .. (121) 
Let 
L,=mL,.. - - .. (122) 


As we shall see later m is the factor which controls the shape of the 
group delay-frequency characteristic. From (121) and (122) 


Cy mG e° 4: i is va E23) 
As shown in Appendix F the impedance of the series arm Z, is 
given by 

FI se ae te LOM) 


as ee 
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and that of the shunt arm is given by 
[.==2* 
ZA = a eG ee .. (125) 
where Z = w/w,. Appendix F also deduces the result 
Z\ FF 
v(3) Ta ae ee 
By substituting for 4/(Z,/Z.) in expression (115) the ratio of 
Vout! Vin can be deduced as 
Vout 1 — V(Z,/Z;) 


Vin = 1 + V(Z,/Z2) 
1 — jz[fml — z*) (127) 


“1 Ejelvm(l —24) 
_ Vout : 1+ 22/m — 
ee, “eae = + 


1+ z2im(1 — Z)2 


= ] 


i.e., the network has unity gain at all frequencies, as for the simple 
lattice network. 


9.4.3 Phase Response 


The phase characteristics for the network can be deduced by 
rationalising expression (127) and is expressed by the equation 


$ =2tan-/m(1 —z%)/z .. .. (128) 


a result which is deduced in Appendix F. Two further results 
which are also derived in this appendix are the expressions for group 
delay and normalised group delay given below 


dd 24/m(z? + 1) 
dz~ 2? +m(1 — 22)? -5 +e (129) 


dp 1, 2v/m(z* +1) 


dos op 22 + m(1 — 293 ie 

The variation of dé/dz with z for various values of m7 is illustrated 
in Fig. 75. This shows that the shape of the group delay-frequency 
characteristic varies considerably with the value of mm; it is, for 
example, negative when m= 0-1 and positive when m = 1 for 
values of z up to approximately 0-7. The value of m of 0-33 is 
commonly used in phase equalisers because this value gives 
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maximal flatness of group delay-frequency characteristic and therefore 
has minimum effect on the delay at low and medium frequencies. 
The condition for maximal flatness can be deduced as follows. 
Re-arranging (129) in ascending powers of z, we have 


dp ao/m + 2v/mz? 131 
dz ~~ m+(l — 2m)z? + mz4 °° ven 


Normalised Group Delay, d¢/dz 


Value of z 


Fig. 75—Variation“of normalised group delay with frequency for 
the equaliser of Fig. 74 


Applying the conditions for maximal flatness 


2f/m — 2/m 
m  1—2m 
Thus 1—2m =m 
giving m = 0:33 


Equalisers of this type are usually placed at the input or output of 
an amplifier where they can be given relatively low values of 
iterative impedance such as 75Q. Such low values of impedance 
necessitate small-value inductors which can be constructed with 


negligible self-capacitance. 


9.4.4 Equivalent T-section 

The circuit arrangement of Fig. 74 is convenient if the equaliser 
is used for coupling a balanced line to the amplifier but is not 
suitable for use with an unbalanced feeder such as a co-axial cable 
because of the absence of a terminal common to input and output 
connections. The lattice structure can, however, be transformed 


136 


PHASE EQUALISERS 


into an equivalent bridged-T network as shown in Appendix G. 
The form of this network is given in Fig. 76. 

The iterative impedance of an equaliser of a symmetrical lattice 
or equivalent type is given by 


Re = V(Z,Z2) on .. (132) 


as shown in Appendix E. Substituting for Z, and Z, from (124) 
and (125) respectively we have 


RE/GiC) e -aw. ae (133) 


Fig. 76—Bridged-T network equivalent to the lattice structure of Fig. 74 


From (133) and the relationships L,C, = L,C, (expression 121), 
L,=mL, (expression 122) and C, = mC, (expression 123) we 
can express C,, C., L, and L, in terms of w,, Re and m as follows: 


(134 


trRe wis. be- Be 2450135) 


fa ae sk 


~~ 4/More 


The equaliser is usually situated at the input or output of the 
amplifier and the value of R- is made equal to the impedance at this 
point; a common value is 759. The values of w, and m are deter- 
mined by the shape of phase characteristic required for amplifier 
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compensation. Frequently, however, m is fixed at approximately 
the value (0-33) for maximal flatness of group delay characteristic, 
leaving w, as the only parameter which can be varied to “ match” 
the equaliser characteristic to that of the amplifier. On the other 
hand it might be possible to obtain more perfect equalisation by 
suitably choosing m and w,. 


9.4.5 Design of a Bridged-T Equaliser 


We shall assume that the amplifier to be phase equalised consists 
of 6 similar shunt-inductance stages with a = 0-5, the upper fre- 
quency limit of 3 Mc/s corresponding to x = 1. The normalised 
group delay-frequency curve for one such stage is given in Fig. 45; 
for 6 stages the normalised group delay will, of course, be 6 times 
that indicated in the diagram. The equaliser is of the type shown 
in Figs. 74 or 76 and is to have an iterative impedance of 75 Q. 

It is not possible to add the normalised group delay-frequency 
curves for amplifier and equaliser directly unless wy for the amplifier 
is equal to w, for the equaliser. Although w,) may equal w, for a 
particular amplifier and equaliser it is, in general, unlikely to be so 
and the first step in designing the equaliser is to redraw the charac- 
teristic for the amplifier as a group delay-frequency curve. This 
can be done by dividing the normalised group delay-frequency 
curve labelled a = 0-5 in Fig. 45 by w,. Eor the amplifier in 
question w/w, = 1 when w is equivalent to 3 Mc/s; thus it follows 
that w, is equivalent to 3 Mc/s. The ordinates in Fig. 45 must be 
divided by w, = 27f) = 6-284 x 3 x 108 to obtain the group delay 
for one stage. For example, the normalised group delay at x = 0 
is, from Fig. 45, 0-5 for a single stage. For 6 such stages it will 
thus be 3-0 and the group delay is given by 


ee sec 
6-284 x 3 x 108” 


] 
=e pea eee 


= 0-16 psec 


By calculating the group delay at other values of x, the curve labelled 
“‘ amplifier’ in Fig. 77 was obtained. For convenience the fre- 
quency axis is calibrated in Mc/s. The total variation in group 
delay is from 0:16 psec at zero frequency to nearly 0:26 psec at 
3 Mc/s, a change of approximately 0-1 psec. 

The equaliser must be designed to eliminate this variation by 
adding to the characteristic of the amplifier a complementary curve 
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also having a total variation of nearly 0-1 usec but of opposite sign. 
We shall use the characteristic for m = 0-3 (Fig. 75). The value of 
wy for the equaliser can be found by trial and error or can be cal- 
culated from the expression for the characteristic but this method 
involves the solution of a complex equation and it is usually quicker 
to use the alternative (trial and error) method illustrated below. 
As a first attempt let wy correspond to 3 Mc/s. The passband of 
the amplifier then extends to z = 1 and the change in normalised 
group delay over the passband is, from the curve labelled m = 0-3 
in Fig. 75, 1-4. This corresponds to a change in group delay of 
1-4/w, = 1-4/(6-284 x 3 x 10%) = 0-074 psec which is insufficient 


Group delay, psec 


Frequency, Me/s 


Fig. 77—Addition of group delay-frequency curves for amplifier 
and equaliser 


to offset the change in group delay in the amplifier. A smaller 
value of wy is necessary and as a next step, let w, correspond to 
2°5 Mc/s. The passband then extends to z = 3/2-5 = 1-2 for which 
the variation in normalised group delay is 2-0. This corresponds 
to a change in group delay of 2/(6:284 « 2:5 x 106) = 0-127 psec, 
which exceeds the required value. The value of w;, chosen for this 
example corresponds to 2:75 Mc/s for which the passband extends 
to z=1-1. The variation in normalised group delay over this 
band is 1-75 corresponding to a change in group delay of 1-75/(6:284 
x 2°75 x 108) = 0-101 psec, nearly equal to the required value. 
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The group delay-frequency curve for the equaliser can now be 
prepared by dividing the ordinates for m =0-3 in Fig. 75 by o, 
(6:284 x 2:75 x 108). For example, at z=0O the normalised 
group delay is 3-6 and the group delay is thus 

3-6 
6:284 x 2:75 x 108 
~ 6-284 x 2-75? 


= 0-21 psec 


sec 


The curve is that labelled ‘‘ equaliser’ in Fig. 77, in which the 
frequency axis is calibrated in Mc/s (3 Mc/s corresponding to 
z=1-1). The variation in group delay is from 0-21 psec at zero 
frequency to 0:11 psec at 3 Mc/s, a change of 0-1 psec as for the 
amplifier characteristic. 

By adding the curves for amplifier and equaliser, the composite 
characteristic is obtained. As shown in Fig. 77 this has a much 
smaller variation in group delay (approximately 0-04 usec) than the 
uncompensated amplifier (0-1 psec) and thus the addition of the 
equaliser improves the pulse response. The total delay is, however, 
increased by the addition of the phase equaliser. 

We can now calculate the component values required in the 
equaliser. From (134) 

Cs Tinask 
~ 4/03 x 6-284 x 2-75 x 10® x 75 
0-0014 uF 
From (135) C, = mC, 
420 pF 


VmRe 

Wr 
—_ V¥O3) x 75 
6°284 x 2:75 x 108 
2:38 pH 


I 


From (136) Le 


H 


I 


ll 


From (137) Ly 


7°9 pH 


I 
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Thus a symmetrical lattice structure to effect the desired equalisa- 


tion should have the component values shown in Fig. 78. 
If the equaliser has the form of Fig. 76, the series capacitor 


given by 
420 
2 


= 210 pF 
The shunt capacitor has the value 
2C, = 2 x 0:0014 pF 
= 0-0028 uF 


Ci 
2 pF 


79 YL 


7-9 Ub 
Fig. 73—Component values required in a symmetrical lattice equaliser 


2060p 


Fig. 79—Component values required in a bridged-T equaliser 


The shunt inductors are given by 
(m+ DLi 0341) 94H 
2 2 
= 5-135 pH 


is 
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The mutual inductance is given by 


a = a x 7-9 pH 


= — 2-765 »H 


The component values required in a bridged-T equaliser are 
therefore as shown in Fig. 79. 


9.5 DERIVATIVE EQUALISER 


9.5.1 Introduction 

The equalisers just described employ networks of inductance and 
capacitance which reduce the phase distortion of a video-frequency 
amplifier or chain without affecting the frequency response. 

Derivative equalisers differ from phase equalisers in that they 
employ valves in addition to LC networks and can be used to reduce 
phase distortion, attenuation distortion or both in one operation. 
The principles of this type of equaliser can be approached in the 
following way. 


9.5.2 Principles of Operation 


A simple RC-coupled amplifier has limited application as a 
video-frequency amplifier because the frequency and phase responses 
are satisfactory only up to approximately half the turnover frequency. 
As pointed out in Chapter 3, by the inclusion of an inductor of 
suitable value in series with the anode resistor the frequency range 
for satisfactory performance can be extended by one octave, the 
amplifier being now useful up to the turnover frequency. The 
inclusion of such an inductor can be regarded as the first step towards 
equalisation of the frequency and phase response of the basic 
amplifier. The effect of the inductor is to add to the output of the 
RC-coupled amplifier an additional voltage, given by Ldi/dt, which 
is proportional to the inductance and to the rate of change, i.e., the 
first derivative of the current in it. 

The equalisation so achieved is not perfect. The high-frequency 
response of the RC-coupled amplifier is given by expression (13) 
which can be written in the form 


Ang __ 1 
which is modified by the inclusion of the inductor to 
Ang 1 + jwL,/Ra 


Amp 1 +jwCrRa — w?L,C 


142 


PHASE EQUALISERS 


which can be derived from expression (33). As shown by the latter 
expression, the response of the shunt-inductance amplifier is still 
dependent on frequency, although by suitable choice of inductance 
it can be made a better approximation to the ideal than that of the 
RC-coupled amplifier. 

The equalisation due to an inductor can be made far more effective 
if it is made the anode load (L,) of a second valve, the grid of which 
is fed from the anode of the RC-coupled amplifier, the anode signals 
of the two valves being combined to form the output. The gain of 
the second valve is given by jwL,gm and thus the combined output 
is given by 


Ans ets ik Ae I us JoLs&m_ 
Amf 1 + joCrRa 1 + jwCrRa 
2 ] + jolsem 
1 + jwCrRa 


Inspection of this formula shows that if gmL, is made equal to RaC:, 
the right-hand side reduces to unity, implying that the gain at high 
frequencies is equal to the gain at medium no matter what these 


INPUT oO 


AMPLIFIER 


1ST DERIVATIVE 
GENERATOR 


2NO DERIVATIVE 
GENERATOR 


VARIABLE GAIN AMPLIFIER 


Fig. 80—Block schematic diagram of a derivative equaliser 


frequencies are. Moreover there is no phase distortion and equalisa- 
tion is therefore perfect. The value of gmZ, can be made equal to 
RaC; by varying the gain of the second valve or of an additional 
amplifier introduced between the second valve and the mixing point. 
The second valve and its anode inductor have the effect of producing 
an output signal with the form of the first derivative of the input 
signal, and such gain variation can alternatively be regarded as 
controlling the amplitude of the first-derivative signal which is 

mixed with the original. 
In practice the amplifier requiring equalisation is unlikely to 
contain a single RC-coupled stage but wll contain a number of 
143 


TELEVISION ENGINEERING PRINCIPLES AND PRACTICE 


stages of a more complex type. Nevertheless the addition of a 
certain amplitude of first-derivative signal usually brings about a 
considerable improvement in phase and frequency response. Further 
improvement can be obtained by use of an additional valve and 
anode inductor to derive a voltage proportional to the second 
derivative of the input signal, which can be mixed in suitable pro- 
portions with the first derivative and original input signals. 

Thus a derivative equaliser may consist of two stages of differentia- 
tion (each consisting essentially of a valve and anode inductor) and 
provision for mixing the original signals with any proportion (within 
certain practical limits) of first- and second-derivative signals. 
Usually there is provision for reversing the polarity as well as 
adjusting the amplitude of the derivative signals. A block schematic 
diagram of such an equaliser is shown in Fig. 80. 


APPENDIX E 
FREQUENCY RESPONSE OF A LATTICE NETWORK 


Fic. E.1 gives the circuit of a symmetrical lattice network and in 
Fig. E.2 it is redrawn in the form of a bridge circuit. In Fig. E.2 
the terminating resistance R, is shown and we shall assume that this 
is equal to the iterative impedance of the lattice network. It is the 
purpose of this appendix to deduce the frequency characteristic of 
a symmetrical lattice network terminated in its iterative impedance. 

The iterative impedance of any 4-terminal network is given by 
s/(ZocZse) Where Zoe is the input impedance of the network when 
the output terminals are open-circuited, and Zs_ is the input im- 
pedance of the network when the output terminals are short-cir- 
cuited. When the network is terminated in its iterative impedance 
as in Fig. E.1 the input impedance is also equal to the iterative 
impedance. 


From Fig. E.1 
Ze = Ft, © 
Zoc = 1(Z,+Z2) ws sd a bs (2) 
Re = V(ZocZ se) 
Substituting for Zs. and Zoc from (1) and (2) respectively 
Re = V(Z,Z,) ee es ae Bs (3) 
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Fig. E.1—Symmetrical lattice network 


From Fig. E.2 


lin = 1, +1, 

lout = iy Ie 

fout ty — Te (4) 
lin Ty +1, ae 7 


Equating voltages round one of the meshes of Fig. E.2 


i424 + (i, = i,)Re =— leLos 
from which 
Hy _ Za + Re 
i, eR 
Subtracting 1 from both sides of this equation 
Pepe - Fe 7. 
: = — y oe a - 5 
le Z,+Re (5) 
Adding 1 to both sides 


Ht, _ 2: +2, + 2Re (6) 
: oak, ae ee 


Fig. E.2—Symmetrical lattice network redrawn as bridge circuit 
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Dividing (5) by (6) 
ipa tn Za 2 
Pebiy, 2g Z ee OR. 
Substituting for R, from (3) 


i,—i, 22-2, © 
ipti,” Z,+2Z,+2V(Z,Z:) 
_ (VZ2 —VZ1) (VZ2 + VZ1) 
(/Z, + VZ:)? 
_ V2Z,— VL, 
— VZ,4+ Vz, 
_ 1—-Vv(Z,/Z;) 
1+ V(Z,/Z,) 
Substituting for ((, — i,)/(@i, + i,) from (4) 
lout LS V/(Z1/Z,) 


in = 1+ V(Z,/Z2) 


Since the input impedance of the network is equal to its output load 
the ratio Vous/Vin is equal to iout/iin 


Vout _ 1 — V(Z,/Z5) 
Vin 1 + V(Z,/Z) 


Another expression of which use is made in the text is (117) for 
the normalised group delay d¢/dz of a simple lattice structure. 
This can be derived in the following way. 

It is shown in the text that 


— 2z 
@ = tan? eae 
— 2z 
eo tan d — [2 z2 
Differentiating 
dp 2(1 +.27) 
2 — me otis 
Be ig, (feet 
dd 2(1 + z?) 
. 2 Eady oie eS he 
.. (1 + tan a ae eT 
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Substituting for tan ¢ 


ta fet] a 2 +29) 
TG — z2)2 dz (1 — 2)? 
Rearranging 
ap Al rz) 
dz (1 — z*)? + 42? 
x AU 2) 
“(1 + 27)? 
a 2 
~  L+z2 
APPENDIX F 


DERIVATION OF EXPRESSIONS FOR THE PHASE ANGLE AND GROUP 
DELAY OF MorE COMPLEX PHASE EQUALISERS 


THIs appendix is devoted to the derivation of expressions for the 
phase angle and normalised group delay for a network of the form 
shown in Fig. F.1. It also deduces another expression which is 
required in the text. 


The impedance of the series arm Z, is given by 


joL, fjwCy 


joL, + [[joC, 


But w,? = 1/L,C, 
Z.= 3S 


~ 1-27 2 ee ve (1) 


where z = w/wy. The impedance of the shunt arm Z, is given by 
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Le = joL, -+ 1[jwC, 


a or (1 — w?L,C.) 
But wy? = 1/L.C,z 
= JL = 2 2 
Z> joc. (1 — w?/a,?) 
1 — 2? 
sy ea es ep. “QD 


From (1) and (2) the value of +/(Z,/Z.) which is required in ex- 
pression (112) for Voue/Vin is given by 


But L, = L./m 
2, fee: jw (“ ) 
Iz) Fed 
__ jo 1 
1 — z? wrf/m 
__# 
/m(1 — 2?) 


The text shows that the relationship between Vin and Vous is given 


by 
Vout ae |e V/(Z4/Z2) 


Vin 1 + V(Z4/Z2) 

1 — jz/Vm(1 — 2°) 
1 + jz[4/m( — 2°) 
_ vm — 2") — jz 


~ Vint = 24) + fe 


Rationalising we have 
Vout _, m1 — 2*)? — 2/mjz(1 — baal gata 
Vin m(1l — z)? + 2? 
This is of the form (R + jX) and the phase angle ¢ between Voy and 
Vin is given by tan-1X7/R, i.e., 
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en ae ee oe oe 


Ca 


= 
> 


Fig. F.1—Circuit of more complex phase equaliser 


—2/m(1 — z*)z 
mL — z*)? — 2? 


— 2/m(1 — z?)/z 


m(L — z*)?/z2 — 1 


Let «/m(1 — 2?)/z = y 


eS 
y 


From the identity 
tan 2¢ = 2 tan ¢/(1 — tan?) 


this may be written 
@ = 2 tan“ly 


= 2 tan-}\/m(1 — 2”)/z 


which defines the phase response of the network. The expression 
may be written 


jaa = ee 
Differentiating 
6 de vin(2? +1, 
zsec* 5 fi Serato 
; $a _ vm? +1) 
oe 2 (1 + tan® 5 ae ee wee 
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Substituting for tan : and re-arranging 
db 2vim(z* + 1) 
dz z* + m(1 — 27)? 


which expresses the normalised group delay of the network. 


APPENDIX G 
EQUIVALENCE OF LATTICE AND T-SECTION NETWORKS 


A lattice network (Fig. G.1) can be used to equalise amplifiers 
having a balanced input or output circuit in which neither terminal 
is earthed. Frequently, however, the circuit to which the equaliser 
must be connected, is unbalanced, having one terminal earthed and 
for this purpose an unbalanced equaliser is required. There is no 
unbalanced lattice network which satisfies these requirements but it 
is possible to derive a different form of unbalanced network, a 
T-network (Fig. G.2), which has properties identical to the symmet- 
rical lattice structure, from which it was derived. The input and 
output circuits of such a T-network have a common terminal which 
may be earthed and such networks are well suited for inclusion in 
unbalanced input or output circuits of amplifiers. 


Fig. G.1—Symmetrical form of lattice network 


It is the purpose of this appendix to derive relationships between 
the impedances Z, and Z, of a symmetrical lattice network and the 
impedances Z_ and Z, of an unbalanced T-network which inust be 
satisfied for the networks to be equivalent, i.e., have identical 
properties. 
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There are four important parameters of any 3- or 4-terminal 
networks. These are:— 


(a) the input impedance when the output is open-circuited (i.e., 
unterminated); 


(b) the input impedance when the output is short-circuited ; 
(c) the output impedance when the input is open-circuited; 
(d) the output impedance when the input is short-circuited; 


and for two networks to be equivalent it is necessary that the four 
impedances of one network should equal the corresponding im- 
pedances of the other. For symmetrical networks impedance (a) is 
equal to impedance (c) and impedance (b) to impedance (d); thus 
to obtain the conditions for equivalence it is necessary only to 
equate the input impedances when the output terminals are open- 
circuited Zo, and also the input impedances when the output ter- 
minerals are short-circuited Zee. 


Fig. G.2—Symmetrical form of T-section network 


For the lattice network (Fig. G.1) 


Zoe = 41 oe 


For the T-network (Fig. G.2) 


Zoe oo Za ee Zb 
Equating these 


Z Z> 
ZED SO (1) 
For the lattice network 
27-7. 
C= Boers 
ew Z14+Z, 
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For the T-network 


LZaZ 
2m = Za + BED 


= ZalZa + 2Zp) 


Za + Zo 
Equating these 
La(Za + 2Z) _ 22,23 (2) 
Za + Zo Z,+2Z, 7 - os 
Multiplying (1) by (2) 
Za? + 2ZaZp = Z,Z; ee : ws - (3) 
Squaring (1) 
Za? + 2ZaZy + Zp? = 1(Z, + Z,)* ; Ka 3 (4) 


Subtracting (3) from (4) 
Zp? =}(Z, + Z,)? — Z4Z, 
= 1(Z,—Z,)? 


LZ = 5h 2. ak a 2 


Substituting for Z, in (1) 


Zz, 4 2s a = tes 


fs Za = 2; ok ee 7 oe (6) 


Thus the equivalent T-section has series arms each consisting of 
an impedance Z, and a shunt arm consisting of an impedance of 
(Z, — Z,)/2 as shown in Fig. G.3. 

The lattice network used in phase equalisers of the more complex 


Fig. G.3—T-section network equivalent to the lattice structure 
of Fig. G.1 
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type has the form shown in Fig. G.4. The process of deducing the 
constants for the equivalent T-section can be simplified by tem- 
porarily ignoring either the two inductors L, or the two capacitors 
C,. This is permissible because these components connect the 
input to the output terminals and can be regarded as external to the 
network. After the form of the equivalent T-section has been 
deduced, these components must be re-introduced to give the final 
form of the equivalent network. 


Ci 


Fig. G.5—The network of Fig. G.4 after removal of series capacitors 


When the capacitors C, are omitted, the lattice has the form shown 
in Fig. G.5 and comparison of this with Fig. G.1 shows that 


Z, = jol, 
Z, = joL, + l[jwl, 


From equations (5) and (6) the impedances in the equivalent T-section 
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are given by 


Za or Ly 

= joLl, 

_ 42741 
Zp = 


= jwL,/2 + 1/2joC, — jwL,/2 
a jaL, —L,)/2 ee 1/2jwC, 


L, L, 


| 
i 
i 
| 
Vin 2 Vout 


C1 Cift 


(2) (b) 


Fig. G.7—Series capacitors in (a) balanced and (b) unbalanced network 


Thus the series arms each consist of an inductor of L, and the shunt 
arm consists of an inductor of value (L, — L,)/2 in series with a 
capacitor of 2C,, giving a T-section of the form shown in Fig. G.6. 
We must now re-introduce the capacitance which was originally 
ignored to simplify the above calculation. In doing this we must 
bear in mind that the original lattice network was balanced and had 
therefore two capacitors arranged as shown in Fig. G.7(a) whereas 
the equivalent network (Fig. G.7(b) ) is unbalanced and has only 
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one capacitor. To make the networks of Fig. G.7 equivalent, the 
series capacitor in (b) must be equal to the two capacitors of (a) in 
series. If the capacitors in (a) are both equal to C,, that in (b) 
must be equal to C,/2. Thus the bridged-T network equivalent 
to Fig.G.4 has the form and component values indicated in Fig. G.8. 

This network includes an inductor of (L, — L,)/2 in the shunt arm. 
Since L, = mL, this inductance is equal to (m — 1)L,/2 as shown 
in Fig. G.9. The values of m used in phase equalisers are less 
than unity and this shunt inductance is negative, implying that the 
network is not physically realisable. It can, however, be modified 
into a network with the same performance and which is physically 
realisable. To do this the shunt inductor is replaced by a trans- 
former as shown in Fig.G.10. Such a circuit can give the equivalent 


C)/2 


in out 


: o 
} 
1 
ae 


Fig. G.8—Bridged-T network equivalent to lattice structure of Fig. G.4 


Fig. G.9—Bridged-T network equivalent to Fig. G.8 


of negative mutual inductance because the sign of the mutual 
inductance can be effectively reversed by interchanging the connec- 
tions to the primary or the secondary winding. 
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Ci/2 


Fig. G.10—Network of Fig. G.9 with the shunt inductor replaced 
by a transformer 


Ci/2 


Fig. G.11—Values of Lp, L, and M required to make the network 
of Fig. G.10 equivalent to that of Fig. G.8 


Fig. G.12—The bridged-T network finally derived 


PHASE EQUALISERS 


We have now to determine the values of Ly, Ls and M necessary 
to make the networks of Figs. G.9 and G.10 equivalent. There is 
no reason why Ly and Ls should not be equal and the transformer 
thus becomes of unity turns ratio. The value of M required is 
(m — 1)L,/2 from Fig. G.9. The value of Lp (and Ls) depends on 
the degree of coupling between the transformer windings; if the 
coupling is less than unity, Lp and Ls will be greater than M. If 
the coupling is equal to unity, Lp and Ls are equal to M namely 
(m — 1)L,/2 and for this value of coupling the equivalent circuit 
has the form shown in Fig. G.11. 


Ci Cy 


2cjCa 


' | Ci-C2 


Fig. G.13—Alternative form of T-section equivalent to the lattice 
structure of Fig. G.4 


The primary winding Ly can now be combined with the inductor 
L,, to which it is connected to form an inductor of value 


Ip + Ly = £,4+2, 
m+1 
=~ Ly 


The secondary winding can similarly be combined with the 
inductor to which it is connected to form another inductor of 
(m + 1)L,/2. Provided the mutual inductance remains at the 
value (m — 1)L,/2, these changes do not affect the properties of 
the network. The network finally derived, shown in Fig. G.12, is 
physically realisable and is identical in its properties to the networks 
of Figs. G.4, G.8 and G.11. 

If in the derivation of the T-section equivalent to the original 
lattice network the inductors L, had been omitted instead of the 
capacitors, a different form of equivalent T-section is obtained; 
it is shown in Fig. G.13. If C, is less than C, a negative capacitance 
is required in the shunt arm; thus this network is physically 
realisable only if C, exceeds C,. 
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PART III; VIDEO-FREQUENCY AMPLIFICATION: 
LOW-FREQUENCY CONSIDERATIONS 


CHAPTER 10 


INTER-VALVE COUPLING CIRCUIT 


10.1 INTRODUCTION 


THE requirements of the low-frequency performance of a video- 
frequency amplifier were briefly stated in Chapter 1: in short they 
are that the amplifier should be capable of amplifying the field- 
and picture-frequency components of the signal without appreciable 
distortion. Furthermore, there should be a response at zero 
frequency to enable the mean picture brightness to be transmitted 
and (this amounts to the same thing) to ensure that the black level 
remains constant. If the amplifier satisfies these requirements, it 
will also be capable of amplifying the field-synce signal without 
introducing excessive sag. 

The necessity for a zero-frequency response suggests that the 
entire video chain from camera tube to picture tube should be 
d.c. coupled. Such an arrangement would be very difficult to 
achieve technically but fortunately is not necessary. Capacitance- 
coupled amplifiers can be used and the low-frequency components 
introduced artificially, whenever required, by d.c. restoration or 
d.c. clamping. There are a number of points in the chain where 
this is necessary; for example, d.c. clamping of the picture signal 
is essential at early links in the chain when blanking and sync 
signals are inserted to form the video signal. It is also necessary 
at later points whenever the video-frequency waveform is monitored 
or displayed. In particular it is desirable in high-power video- 
frequency stages of a television transmitter. Here clamping results 
in economy of operation because it has the effect of reducing the 
effective absolute excursion of the signal, implying that the valves 
can be smaller, or that more efficient use can be made of existing 
valves than is possible in the absence of clamping. The entire 
video chain could be capacitance-coupled but this would require a 
large number of d.c. clamps; the number of clamps should be kept 
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low to economise in cost and because they tend to introduce 
spurious signals into the video-frequency waveforms. The number 
of clamps is therefore kept small by use of d.c. coupling in some 
of the links of the chain; for example, d.c. coupling is generally 
employed in the video-frequency amplifier between the detector and 
cathode-ray tube in television receivers. 

Sometimes d.c. coupling is employed for reasons unconnected 
with the provision of a zero-frequency response; for example, it 
may be used to prevent low-frequency instability in a feedback 
amplifier or to ensure a good response at very low frequencies. 

In general the low-frequency response of a video-frequency 
amplifier is satisfactory if the field-sync waveform (effectively a 
rectangular wave) can be amplified without introducing excessive 


OHT+ 


Fig. 81—Basic circuit of RC-coupled amplifier employing a pentode 


sag (2 per cent is often quoted as the maximum permissible tolerable). 
To obtain such a performance at a field frequency of 50 c/s requires 
a good phase and frequency response extending to frequencies of 
less than 1 c/s. Moreover, there are certain points in the video chain 
where two or more stages must be d.c. coupled. The following 
chapters describe the circuits which can be used to achieve such 
results. 


10.2 SIMPLE RC-COUPLED AMPLIFIER AT LOW FREQUENCIES 


The performance at low frequencies of a simple RC-coupled 
amplifier such as that shown in Fig. 81 is in general not up to the 
standard required in a video-frequency amplifier because of the 
numerous sources of phase and attenuation distortion. The chief 
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sources of distortion are as follows: 


(a) inter-valve coupling components RyCy, 

(b) cathode-decoupling components R;Cz, 

(c) screen-decoupling components RsgCog, 

(d) anode-decoupling components RyC;. 

Of these the coupling components R,C, are the most important 
because it is often possible to eliminate the effects of the decoupling 
components: some of the methods which can be used for this 
purpose are described in later chapters. In this chapter, therefore, 
we shall assume that the low-frequency performance is determined 
solely by the coupling components. Thus the circuit under con- 
sideration is that shown in Fig. 82 from which all decoupling 


OHT + 


R 
SOURCE OF ° 
CONSTANT 
POTENTIAL 


Fig. 82—-A simple RC-coupled amplifier with all decoupling 
components removed 


components have been eliminated. The effect of Ry and C, on the 
frequency and phase response is shown first by vector diagrams. 


10.3. EFFECT OF INTER-VALVE COUPLING COMPONENTS ILLUSTRATED 
VECTORIALLY 


The coupling components R,Cy are usually so chosen that the 
reactance of Cy is small compared with Ry at low frequencies. There 
are, however, upper limits to the values of Rg and C, which can be 
used and at very low frequencies the reactance of C, inevitably be- 
comes comparable with R,. At these frequencies the impedance 
of the circuit RyC, is reactive and the current in the circuit leads 
the applied voltage (V1 output) as shown in Fig. 83. The input to 
V2 is developed across R, and is in phase with the current; it 
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therefore leads the output of V1 by a phase angle of ¢° as shown. 
The increase in impedance of R,C, at low frequencies also causes 
the voltage across Ry to fall with decrease in frequency. Thus the 
phase lead is accompanied by a fall in amplitude. 

The magnitude of the amplitude loss and the leading phase angle 
can be calculated by the following method. 


DIRECTION OF V2ig IRg : 
VECTOR ROTATION 
Vlout 


Fig. 83—Vector diagram illustrating 
the phase lead introduced by a 
coupling capacitor-grid leak com- ; oe 6 

bination at low frequencies Fig. 84—Equivalent circuit for Fig. 80 


9mVgk Cg 


1 9m™gk 


10.4 LOW-FREQUENCY RESPONSE OF SIMPLE RC-COUPLED AMPLIFIER 


The equivalent circuit of Fig. 82 is given in Fig. 84. Normally 
R, is large compared with Ra and the current I in Fig. 84 may be 
assumed to flow in Ry only. The voltage V, developed across Ra 
is thus given by 

Va a; a, &mVorRa eo. ee os (138) 


the negative sign indicating the phase reversal between anode and 
grid potentials. Ry and C, form a potential divider across Ra and 
Vout is given by 

Rg 


= : V, 
Vout = Ry + Maly 
Substituting for Va from (138) 
Rg 
= — 2mVorRa > 
Vout 8mV gk Na Rj+ IjaC, 
giving 
Vout 
Ay => 
if Vx 
eh SOG 139 
Re ljeoG Ba .. (139) 
But 
Amj = —8mRa 
Ar Rg 


"Age Rose UjeGs 


Let wy =1/RjCy and x =w/wg. As in the analyses of circuits 
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used at high frequencies, x is a variable directly proportional to 
frequency. 


ro 
- Amf 1 + 1[jx 
ee ae 
a ress uf ps .. (140) 
From this 
Ap xX 
Ams = Vx?) aa 
and the frequency response is given by 
response in decibels = 20 log, oo 
mf 
x 
2201) mo pn og 142 
O$8 10 /(1 a0 x?) ( ) 


The curve of this expression is plotted in Fig. 85 and this shows 
that the loss is 3 db when x = 1; this occurs when w/wg = 1, that is 
when wRgCg = 1 or when Ry = 1/wCy. The loss is thus 3 db at 
the frequency for which the reactance of the coupling capacitor 
equals the grid resistor. If this frequency is calculated for given 
coupling components, the response curve for the combination can 
be obtained directly from Fig. 85 by locating a logarithmic frequency 
scale along the horizontal axis so that the calculated frequency 
coincides with x = 1. This has been done in Fig. 85 for coupling 
components having a product (time constant) of 0-01 sec, e.g., 
0:01 »F and 1 Mq; for this combination x = 1 corresponds to 
16 c/s. 

From the frequency response curve of Fig. 85, the loss is 7 db at 
x = 0-5, one octave below the frequency for which 1/wCy = Ry 
and as the frequency decreases the rate of loss increases to 6 db 
per octave and remains constant at that value. This can be seen 
from expression (142) for when x is small compared with unity 
the response in db becomes 20 log, x, i.e., every doubling (or halving) 
of x gives a 6 db change in response. Thus as frequency decreases 
the response curve becomes a straight line; if this line is produced 
it meets the ordinate at x = 1 at a point corresponding to zero loss. 
A similar result holds for the high-frequency response of a simple 
RC-coupled amplifier as shown in Fig. 38. 


10.5 PHASE RESPONSE 


The phase response of the simple RC-coupled circuit can be 
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Relative response, decibels 
Phase shift degrees (leading) 


Frequency, c/s for fg=!6c/s 


Fig. 85—Universal frequency-response and phase-response 
curves for simple RC-coupled circuit at low frequencies 


deduced from expression (139). Since I= gmV gx this can be 
written 


Vou = — 1 Rao 
Ry + 1fjwCy 
: Vout JxRa 
a he ~ | +ix ae oe aie (143) 
Rationalising 
Vout ip XX 
a cies ea 


which is of the form (R +jX). The phase angle between Vou: and 
I, the alternating component of the anode current, is given by 
tan-Lx/R, i.e., 


1 

we ~1 
gatarto es 44) 
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This expression is also plotted in Fig. 85. This diagram shows that 
the phase angle is 45° (leading) at the frequency for which x = 1, 
i.e., at the frequency for which the reactance of the coupling capacitor 
equals the grid resistor. 

In a simple RC-coupled amplifier, the phase angle is lagging at 
high frequencies due to shunt capacitance and leading at low 
frequencies due to series capacitance. At a certain medium 
frequency, therefore, there is zero phase shift, and, as we have 
seen, to minimise distortion in reproducing detail in pictures it is 
essential to make phase shift proportional to frequency above this 
medium frequency. There is, in practice, no need for such strict 
proportionality below the frequency of zero phase shift but to mini- 
mise variation in background shading from the top to the bottom 
of the picture, the phase response at low frequencies of the entire 
television system must be so controlled that a square-wave at field 
frequency is reproduced with less than, say, 2 per cent sag. 

Such a test signal provides a realistic criterion of response 
because the video signal corresponding to a picture consisting of a 
white half separated from a black half by a horizontal line is a 
square wave at field frequency (50 c/s in the British system). 
Moreover the field-sync signal approximates in form to a 
rectangular wave at field frequency. 


10.6 CHARGE AND DISCHARGE OF A CAPACITOR IN A RESISTIVE 
CIRCUIT 


In order to understand the process of amplifying a low-frequency 
square wave in an RC-coupled amplifier, it is instructive to consider 
the operation of a simple circuit such as that shown in Fig. 86. 


CHARGE 


| DISCHARGE i 


be 
t 
' 
’ 
' 
| 
a 


Cg 


Fig. 86—-Circuit for the charge and discharge of a capacitor 


In this a capacitor may be charged from a battery via a series resistor 
and, by operating the switch, may be discharged through the same 
resistor. If the switch is repeatedly reversed, the waveform de- 
veloped across the resistor has the same shape as the output of an 


RC-coupled amplifier with a square-wave input. 
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10.6.1 Large Time Constant 


To begin with, suppose the capacitor is uncharged when the 
switch is operated to the charge position. At this instant the 
current is large because there is no back e.m.f. from the capacitor 
and the current is limited only by the resistance in the circuit. As 
current flows into the capacitor, the latter begins to acquire charge 
and the voltage between the plates rises exponentially towards the 
battery value; this voltage is in opposition to that of the battery 
and thus the current falls exponentially as charging proceeds. 

To simulate the behaviour of an amplifier with a square wave 
input, the switch is reversed after a certain interval of time. If 
the time constant RyC, is large compared with this period, the 
capacitor has acquired only a small fraction of its total charge 
when the battery voltage is removed. Current flows through Ry 
throughout the whole period of the applied voltage, although it 
falls exponentially from the moment the battery is applied. Pro- 
vided RyC, is very large, however, the fall is small during the period 
of application and the current is only slightly less than its initial 
value when the battery voltage is removed. 


{°) 


voltage across resistor 


Fig. 87—-Output of RC circuit for a square-wave input when 
the time constant is large compared with the period of the input 


When the switch is operated to the discharge position, the 
capacitor begins to discharge through the resistor and there is an 
instantaneous reversal in the direction of the current through Ry. 
The current is initially high, being limited only by the value of the 
resistor Ry, but again falls exponentially as discharging proceeds. 
If the discharge period is of the same duration as the charge period, 
the current is only slightly less than its initial value when the battery 
voltage is restored by the next operation of the switch. At this 
moment the current again reverses in direction and Cy begins to 
charge again as already described. Thus the current in Ry reverses 
when the switch is reversed but is otherwise substantially constant. 
Thus, provided RyCy is large enough, the voltage across Rg is a 
reasonably faithful copy of the applied voltage (Fig. 87). 
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10.6.2 Small Time Constant 


If the time constant RygC, is small compared with the period of 
the applied voltage, the output waveform has a different shape. 
When the switch is first operated to the charge position, the 
current jumps to a large value and the capacitor begins to acquire 
charge as before. But because of the small time constant the 
charging process is practically completed and the current in Ry 
falls almost to zero before the switch is operated to the discharge 
position. At this instant, the capacitor begins to discharge through 
the resistor (the current being opposite in direction to that which 


voltage across resistor 


Fig. 88—Output of RC circuit for a square-wave input when the time 
constant is small compared with the period of the input 


flowed during charging) and the discharge is virtually complete 
before the battery is restored. The voltage across R, has, of 
course, the same waveform as the current and is illustrated in 
Fig. 88; it represents a very distorted version of the input signal. 
The waveform is, in fact, an approximation to the first differential 
co-efficient of the square-wave signal and such an RC combination 
with a small time constant is sometimes referred to as a differentiating 
circuit. 


10.7 EFFECTS OF SERIES AND PARALLEL RC CIRCUITS ON A SQUARE 
WAVE 


The preceding pages show that the effect of passing a square wave 
through a series RC circuit, such as the coupling components of 
an amplifier, is to introduce a slope (known as sag) in the horizontal 
sections of the wave, the vertical sections being reproduced without 
distortion. This can be contrasted with the effect of a parallel 
RC circuit (such as the anode resistor and anode shunt capacitance) 
on a square wave: this circuit distorts the vertical edges by 
introducing a rise time, but the horizontal sections remain 
unaffected. Just as there is a simple relationship between the rise 
time and the time constant of the parallel RC circuit which produces 
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it, so is there a simple expression connecting the sag and the time 
constant of the series RC circuit: it may be deduced as shown 
below. 


10.8 RELATIONSHIP BETWEEN SAG AND TIME CONSTANT 


As proved in Appendix B, the discharge curve of an RC 
combination obeys the law: 


Vi = Vee 2, ot as .. (145) 
where V, = initial voltage across the resistor 
V; = voltage across the resistor after a time ¢ (Fig. 89) 
This equation may be rewritten 


Vo — Vi = Vol — e-#/¥gG) 


The left-hand side of this equation (V, — V:) is the difference 
between the initial voltage and the value after a time ¢; it is, in 


Time 


Fig. 89—Distortion of square wave due to small time constant 


fact, the sag as shown in Fig. 89. Thus expression (145) may be 
rewritten 


SAB jy —e RC, ., 1.  .. (146) 
Yo 


The left-hand side of this expression (sag/V)) may be termed the 
relative sag but it is more usual to multiply this by 100 to obtain 
the percentage sag which is thus given by 


sag 
Vo 


= 100 (1 — e-t/R,©,) 


A sag of 2 per cent means that the fall in voltage during half a 
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cycle of a square wave is 5th of the initial voltage. Expanding 
e—t/RgCy we have 


t t? t3 
percentage sag =100( B,C) ~ 21R,2C,? “te 31R,8C,3 a) (147) 


Provided RC, is large compared with ¢ the second and later terms 
can be neglected in comparison with the first. Thus we have 


100¢ 
ercentage sag = —— a a3 a .. (148 
p Be sag = RG (148) 
This simplification is equivalent to assuming that the decay curve 
is linear. 
If we decide that the sag for a 50 c/s square wave shall be 1 per 
cent (representing an extremely high standard of performance) we have 


100¢ 1 
RgCg 
The duration ¢ of half a cycle is 0-01 sec; substituting for ¢ in the 


above expression 
1 


RyCy 
RgCy = 1 sec 


1 


Any combination of grid capacitor and grid leak having this time 
constant will give the desired performance. Two possible com- 
binations are 1 uF and 1 MQ or 0-1 pF and 10 MQ. These are, 
however, inconvenient combinations, the first because a capacitor 
of 1 uF is large physically and its shunt capacitance to earth 
degrades the high-frequency response; the second because a grid 
leak of 10 MQ is too high for the type of valve commonly used for 
video-frequency amplification. A time constant of 1 sec is thus 
impractically high. 

To keep shunt capacitance to a reasonable value the coupling 
capacitor is usually kept below 0-1 »F and to avoid any possibility 
of grid emission the grid leak should not exceed 1 MQ. For these 
values the time constant is 0-1 sec and substitution in equation (148) 
shows that the sag, for a 50 c/s square wave, is 10 per cent. This 
is too much to be tolerated even in a single stage and further stages 
will, of course, introduce additional sag. 

It is obvious that a simple RC-coupled stage, if left uncorrected, 
would produce intolerable distortion at low frequencies and some 
form of correction is essential. Some of the methods which can be 
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used to effect this compensation are described later but before 
describing these we shall deduce the relationship between sag, 
frequency response and phase response. 


10.9 RELATIONSHIP BETWEEN SAG AND FREQUENCY RESPONSE 
Sag is related to frequency response according to the following 
expression which is deduced in Appendix H 


percentage sag = 1007 +/ [ee = Fe ss .. (149) 
n 


In this Vin and Vout are the input and output amplitudes of a sinu- 
soidal signal having the same frequency as the square wave used in 
sag determinations. 


Percentage sag 


0-001 0-002 0-003 0:004 0-005 fete] 0-02 0:03 0:04 0:05 
Percentage fall in sine-wave response 


Fig. 90—Relationship between sag and frequency response for a 
simple RC circuit 


This expression is plotted in Fig. 90 and shows that even if the 
loss of sine-wave amplitude is as low as 0-05 per cent, there is a 
10 per cent sag when square waves of the same frequency are 
reproduced. In order to keep the sag less than 2 per cent the loss 
in sine-wave amplitude must be less than 0-0025 per cent. This 
implies that if the square wave has a frequency of 50 c/s, the response 
must be less than 0-00025 db down at 50 c/s and less than 3 db 
down at 0-3 c/s. This latter result is perhaps easier to deduce 
from expression (148); this shows that RgC, must be at least 0-5 sec 
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to keep the sag less than 2 per cent. Now 
Boke. 
RgCg 
cut 
0-5 
= 2 


Wy 


The loss is 3 db at the frequency for which w = ay, i.e.. when 


= 0-3 c/s approximately 


10.10 RELATIONSHIP BETWEEN SAG AND PHASE RESPONSE 


Sag is related very simply to the phase shift at the fundamental 
frequency of the square wave. The relationship may be deduced 
in the following way. 

From (144) 


] 
y alan? 


But x = w/wg = wCgRy = 2nfRgCy 
“. 2nfRgCg = I[/tan¢g .. ie Se .. (150) 


In expression (148) ¢ represents the time of one half-cycle, i.e., $f. 
Substituting this for ¢ gives 


] 
percentage sag = IRC, (151) 
Eliminating 2fRygCy between (150) and (151) gives 
percentage sag = 100 7 tan ¢ aN zy oa, Cl O2) 


This expression is plotted in Fig. 91; the curve shows that a 
phase shift of as little as 1° corresponds to a sag of 5-5 per cent. 
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Percentage sag 


° 0-4 O-8 1-2 16 2 
Phase angle, degrees 


Fig. 91—Relationship between phase shift and sag for a simple 
RC circuit 


10.1] EFFECTIVE INCREASE IN GRID RESISTOR BY CURRENT FEEDBACK 


One way of extending the low-frequency of an RC-coupled 
amplifier without resorting to the use of prohibitively large coupling 
capacitors or grid resistors is by use of negative feedback. A 
simple method of applying such feedback is illustrated in Fig. 92 
which shows the grid resistor returned to a tapping point on the 
cathode circuit of V2. Due to current feedback in Rx, the effective 
value of Rg is several times greater than its physical value; in fact 
it is shown in Appendix J at the end of this chapter that the effective 
grid resistor of valve V2 is equal to (1 + gmRx)Rg where gm is the 
working mutual conductance of V2 and Rg is the ohmic value of 
the grid resistor. This is greater by the factor (1 + gmRx) than 
when Rg, is returned to h.t. negative. Thus the effective time 
constant in the grid circuit is RyCj(1 + gmRx). 


As a numerical example consider a circuit in which gm = 8 mA/V, 
Ry = 1 kQ, Cy = 0:1 pF and Ry = 1 MQ. The factor by which 
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the value of the grid resistor is effectively multiplied is given by 
(1 + gmRx) = (1 +8 x 10-3 x 10%) 
= 9 


The circuit thus behaves as though the grid resistor had a value of 
9 MQ and the effective time constant in the grid circuit is equal to 


9RgCg = 9 X 108 x 0-1 x 10-8 sec 
= 0-9 sec 


which is nearly equal to the value of 1 sec deduced above as necessary 
to keep the sag in a 50 c/s square wave to less than 1 per cent. 


OHT+ 


oHT— 
Fig. 92—Extension of low-frequency response by current feedback 


The effective multiplication in the value of the grid resistor is 
equivalent to an extension in low-frequency response. In fact we 
can say that if the response is 3 db down at a frequency f, without 
feedback (e.g. with Ry = 0) it will be 3 db down at a frequency 
fil(p +1) with feedback, where p = gmRr. The frequency and 
phase response of a circuit such as that illustrated in Fig. 92 are 
given, in terms of p, in Figs. 96 and 97. 

The extension of low-frequency response is obtained at the 
expense of a reduction in gain in the valve V2. Because of the 
current feedback, the gain of this stage is reduced in the ratio 
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1/(1 + gmRx), the same ratio in which the time constant is increased. 

_ As shown on p. 94 a circuit similar to that in Fig. 92 can in 
addition be used to extend high-frequency response by shunting 
Ry with a capacitor which effectively removes the current feedback 
at the upper video frequencies. This capacitor has negligible 
effect at low frequencies and thus by means of such a circuit the 
response can be extended at both ends of the frequency range. 


APPENDIX H 


RELATIONSHIP BETWEEN SAG AND FREQUENCY RESPONSE 
OF AN RC CiRcuIT 


Fic. H.1 illustrates a simple RC circuit which is frequently en- 
countered in amplifiers, particularly in inter-valve coupling circuits. 
If the input to this circuit is a sinusoidal signal of constant 
amplitude but falling frequency, the output is also sinusoidal but 
its amplitude falls because of the rising reactance of the capacitor. 
The output is of the same frequency as the input but is advanced 
in phase, the phase difference increasing asymptotically to 90° as 
frequency approaches zero. Fig. H.2 represents the relative 
amplitudes and phases of the input and output signals at one 
particular frequency; the output has half the amplitude of the 
input and the phase difference is 30°. 


| 


meee Ree eee 
] 


Fig. H.1—Simple RC circuit as used in coupling the output of one 
valve to the input of the next 


Suppose now a square wave is applied to the input of the circuit. 
This is equivalent to the simultaneous application of a large number 
of sinusoidal components of harmonically-related frequencies. 
Each is subjected to an amplitude loss and a phase advance in 
passing through the circuit and all combine at the output to produce 
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Time 


(Left) Fig. H.2—Illustrating the fall in amplitude and phase ad- 

vance of a sinusoidal signal when applied to the circuit of Fig. H.1 

(Right) Fig. H.3—Illustrating the sag introduced into a square- 
wave signal when applied to the circuit of Fig. H.1 


a square wave with sag as shown in Fig. H.3. The sag is usually 
expressed as a percentage and is equal to 100(Vo — Vz)/Vo where 
Vo is the initial voltage and V; the voltage after a time f. 

There is a relationship between the value of (Vin — Vout)/Vin 
for a sinusoidal signal and (Vo — V:)/Vo for a square-wave signal 
and it is the purpose of this appendix to deduce it. 

Fig. H.4 represents the relative phases and magnitudes of the 
current and voltages in the circuit of Fig. H.1. The vector OX 
represents the phase of the current and OA represents, to some 
chosen scale, the voltage developed across R; this voltage is in 
phase with the current. OB represents in magnitude and direction 
the amplitude and phase of the voltage developed across C; this 
voltage lags the current by 90°. The vector sum OC of OA and 
OB represents the applied voltage in ‘magnitude and direction and 
¢ is the angle of lead between the voltage across R and the applied 
voltage. From this diagram 


direction of 
vector rotation 


x 


current i 


voltage 
across C 


applied voltage 
in 


Ae a A eee se se ste mn 


OC TT tore er ern ere 


Fig. H.4—Vector diagram of voltages in RC circuit with sinusoidal input 
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and if the angle ¢ is very small OA is practically equal to OC and 
we may say 


This, of course, is tantamount to saying that the tangent of a small 
angle is approximately equal to its sine. From Pythagoras 


AC = 1/(OC? — OA?) 
and hence 
_ V(OC* — OA*) 
tand = OC 


_ VVin? — Vout”) 
Vin 


- a/ ha Eon) {Yen oe 


When ¢ is very small Vin and Vous are approximately equal and 
(Vin + Vout) can be replaced by 2Vin giving 


tang = 4/ Ge = fol 


From expression (152) in the text 


percentage sag = 100 7 tan¢ 


= 1007 v| 2(Vin oe | 
in 


APPENDIX J 


INCREASE IN EFFECTIVE VALUE OF GRID RESISTOR BY 
SERIES-CONNECTED CURRENT FEEDBACK 


It was explained in the text that the value of the grid resistor of a 
valve can be effectively increased by returning the resistor to a 
point on the cathode circuit of the valve as shown in Fig. J.1, 
this point not being decoupled to h.t. negative at signal frequency. 
It is the purpose of this appendix to derive an expression for the 

effective value of the grid resistor in such a circuit. 
The resistor Ry provides grid bias but not current feedback, for 
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it is decoupled by the capacitor Cy assumed to have negligible 
reactance at the signal frequency. Rx is not decoupled, however, 
and gives rise to a feedback voltage Vp equal to I,Rx where Ig 
is the alternating component of anode current. This may be 
written 

Vyo = IGRr 


= &mVoxrRe 


Fig. J.1—Current feedback circuit for increasing effective value 
of grid resistor 


From the diagram 
Vin = Vor + Veo 


= Vox + &mVorRe 
= Vox(1 + gmRr) 


The effective value of the grid resistor is given by Vin/I where J is 
the current flowing through the input terminals; this current in 
flowing through Ry, sets up the valve input signal V,, and is thus 
given by Vyx/Rg. The effective resistance in the grid circuit is thus 
given by 


Vin = Vin : 


= Rol + gmRx) 
showing the input resistance to be greater than R,. 
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ANODE-DECOUPLING CIRCUIT 


11.1 INTRODUCTION 


WE have so far examined the effects of the inter-valve coupling 
components (RgCy in Fig. 93) on the low-frequency response of 
an amplifier. In a practical amplifier, however, there are a number 
of other RC circuits which can affect the low-frequency response, 
namely the anode-, screen- and cathode-decoupling components. 
Here we describe the effect of the anode-decoupling components 
(RrCy) and the circuit with which we deal is that shown in Fig. 93. 


OHT+ 


OoHT. 


Fig. 93—An RC-coupled amplifier containing inter-valve 
coupling and anode-decoupling components 


Anode-decoupling components were originally used in multi- 
valve amplifiers to minimise positive feedback (and possible 
motor-boating) due to the impedance of the h.t. supply (which 
is common to all stages) and to provide additional smoothing of 
the h.t. supply to early stages. Such networks are often unnecessary 
for these purposes in video-frequency amplifiers because these are 
fed from well-smoothed h.t. units of very low impedance. 
Nevertheless anode-decoupling components are often included in 
video-frequency amplifiers because of a third effect, namely that 
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they can, by suitable choice of component values, give a useful 
extension of the low-frequency response. The term decoupling 
is perhaps inappropriate to describe components introduced into 
an amplifier purely to extend the low-frequency response but this 
term will nevertheless be retained. 

The extension of the low-frequency response arises in the 
following way. At middle and high video frequencies, Ry is short- 
circuited by Cy; and the effective anode load consists principally 
of Rg. At low frequencies where the reactance of Cy is high, the 
effective load is greater, consisting of Rg in series with the parallel 
combination of Ry and Cy; at zero frequency the load is simply 
Ra and Ry in series. The components Ry and Cy also introduce a 
lagging phase angle which increases as frequency is reduced. This 
effect is opposite to that of the coupling circuit RyC, and, by 
suitable choice of component values, it is possible to arrange for 
the effect of one network to cancel that due to the other. The 
compensation thus achieved cannot be perfect down to zero 
frequency but it is possible by this means to extend the low-frequency 
response of an amplifier by two or three octaves. 


11.2 EFFECT OF ANODE-DECOUPLING COMPONENTS ILLUSTRATED 
VECTORIALLY 


The effect of the anode-decoupling circuit can be illustrated by 
means of a vector diagram such as that given in Fig. 94. At middle 
frequencies for which the anode load is purely resistive, the vector 
diagram has the form shown at (a); the anode current Ja is in 
phase with the input signal V,, and the anode-cathode potential is 
in antiphase with Jo. 


DIRECTION OF VECTOR 
ROTATION Vak 


-—s 


— ~ 
x 


DIRECTION OF VECTOR 


Vok . gk Tq 


(9) 
Fig. 94—Vector diagram illustrating the effect of anode-decoupling 
components 


At low frequencies for which the reactance of Cy is appreciable, 
the effective anode load has a capacitive component and the voltage 
developed across the anode load lags relative to the voltage for a 
purely resistive load (Fig. 94b). The angle between the vector 
Vox and Vox (measured anti-clockwise) is less than in (a) indicating 
the phase lag caused by the anode-decoupling circuit. 
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11.3 DESIGN OF ANODE-DECOUPLING CIRCUIT 


There is little point in deducing the frequency and phase response 
of the anode-decoupling circuit alone because it is generally 
proportioned to offset the distortion introduced by the inter-valve 
coupling circuit. We shall therefore deduce the frequency response 
of an amplifying stage which includes both anode-decoupling and 
inter-valve coupling circuits (Fig. 93). To obtain maximum 
extension of frequency response the values of coupling and de- 
coupling components must satisfy certain simple mathematical 
relationships which can be deduced in the following way. 


-9mVgk CV) Vout 


Fig. 95-—Equivalent of the circuit shown in Fig. 93 


We shall assume that Ry is very much greater than (Ra + Ry); 
the anode load of valve V1 is thus composed effectively of Ra in 
series with the parallel combination RC; as shown in the equivalent 
circuit of Fig. 95. The impedance of Ry and Cy in parallel is 
given by 


7, = RyliwCy 
TR: + AjwCy 
ee a 
1 + jwCyRy Oo 
The anode load is given by 
= Rr 
PEED REET GR, 


and the voltage developed across the anode load by the current 
2mV ox flowing in it is given by 


Ry 
= satin (Re + jac) 
the negative sign indicating the phase inversion between anode and 
grid potentials. 
The voltage delivered at the grid of V2 is developed across Ry 
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and is less than that developed across the anode load because Ry 
and Cy behave as a potential divider connected across the anode 
circuit. The ratio in which Ry and C, step down the anode potential 
is given by 
Rg = JwCgRg 
Rg + IfjwCyg ~ 1 + jwCyRy 


Thus Vout, the grid voltage for V2, is given by 


You = — Babe (Re tp hom) (incre, ) 
and the stage gain Aj, is expressed by 
Ay = 7. 
=—8n(Re + 55am) - (racer, 
= ~EnjoCoRy(Ra +R) -G ao Gea GR) 1549) 


where R,’ is the resistance of Ra and Ry in parallel and is given by 


‘— 155 
Ra = Ry BR (155) 
Expression (154) may be written 
E 1 + jwC;Ra’ 
Aig = — &mjwCgRg ;- 71 a RC : 
ese + Jw Ra + Ry ya + jeoCgRs) 
. (156) 


Now as shown in expression (155) if Ry is large compared with Ra, 
Ra’ is approximately equal to Ra and the first bracketed term in 
the denominator of the above expression simplifies to jwCy. 


The stage gain of the circuit (Fig. 93) as a whole is then given by 
RgCy 1 + jwCpRe’ 


Ape ies INI ean ees 
if &m CG 1 jaGR es eX sal 57) 
This expression is independent of frequency if 
Ra'Cr = RgCy ne 7 Re .. (158) 


This shows that the design of the anode-decoupling circuit is 
intimately bound up with that of the inter-valve coupling circuit. 
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Applying the conditions of expression (158) to (157) we have 


Ay =— si ees 
= — gmRa’ 5% a6 is Sis (159) 


Since there is now no term in j in the expression for Aj the circuit 
gives no phase shift at any frequency. From the foregoing the 
conditions to be observed to maintain this performance are:— 
1. Ry should be large compared with Ra 
2. The time constant Ra’C; should equal RyCy. If the previous 
condition is observed, Ra’ is approximately equal to Ry and 
this second condition implies that the product of anode 
resistor and decoupling capacitor should equal that of grid 
resistor and coupling capacitor. 


The second of these conditions can usually be observed without 
introducing any practical circuit difficulties but if the first were 
strictly maintained the h.t. voltage on the anode of V1 might be 
reduced to too low a value; Ry is therefore sometimes made no 
more than 2 or 3 times Rg to keep the anode voltage at a reasonable 
value. This means that the compensation cannot be perfect down 
to zero frequency. Even so, the effect of the decoupling circuit 
is to bring about a great improvement in low-frequency performance. 
To show this we must derive an expression for the frequency response 
of a circuit with inter-valve-coupling and anode-decoupling com- 
ponents. This may be done in the following way. 


11.4 FREQUENCY RESPONSE OF DECOUPLED CIRCUIT 
When the second of the above conditions is observed expression 

(154) may be written 

__ &mjoCgRo(Ra + Rr) 


Ay = Th foCpRy (160) 
Eliminating Ra’ between (155) and (158) we have 
RaRy RgCy 
Ra+ Rr” Cy 
from which 
RC = RyCy » he ee (161) 


Substituting for RrC; in (160) 
ae SmjwCgR(Ra + Ry) 
PO 1 + jwCgRg(Ra + Ry) Ra 
jwCgRg(Ra + Ry)|Ra 


SS —— 162 
BnRe- 1F jasCgRg(Ra + Ry|Ra O°” 
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But —gmRa = Ams, the gain at medium frequencies. 


. Arp _ jwCgRg(Ra + Ry)/Ra 


A = ne I 
Amp = 1 + jJwCgRg(Ra + Rp)/Ra nee) 
Putting p = Ry/Ra, wg = 1/RgCg and x = w/wg we have 
Ay Jx(p + 1) 
ag an ran Gee 7 .. (164 
Amp 1+ Jjx(p + 1) on 
The frequency response of the circuit is thus given by 
Ais | (p + 1)x 
ee .. (165 
Amy = VU +p + DX") en 
and the response in decibels by 
response = 20 logy Aig db 
Amf 
= Ap + Mix 
= 10 loS10 Sp eet .. (166) 


This expression is plotted in Fig. 96. 


The dotted curve labelled p = 0 gives the response of an RC- 
coupled amplifier with no anode decoupling (Ry = 0), and is 3 db 
down at the frequency for which the reactance of the coupling 
capacitor equals the grid resistor. The effect of increasing p (i.e. 
increasing Ry) is to move the characteristic bodily to the left, 
without change of shape, thus extending the low-frequency response. 
When p = 5 the frequency at which the response is 3 db down is 
at x = 0-17 compared with x = 1 for the circuit without decoupling. 

The effect of the decoupling circuit is to reduce the frequency for 
a given fall in response in the ratio 1/(p + 1). This can be deduced 
in the following way. Let /, be the frequency at which an RC- 
coupled amplifier without decoupling has a certain loss and let 
ft be the frequency at which the circuit when decoupled has the 
same loss. 


Let x, be the normalised frequency corresponding to f,. Then 


182 


ANODE-DECOUPLING CIRCUIT 


Relative response, decibels 


Value of x 


- N o zt WOR ° w 8 
Frequency cfs for fgz6c]s 


Fig. 96—Universal frequency-response curves for simple RC- 
coupled circuit with anode decoupling 


where fg is the frequency at which the reactance of the coupling 
capacitor is equal to the value of the grid resistor. Similarly 


ia * 
g 


where x, is the normalised frequency corresponding to fy. 
For the circuit without decoupling, at the frequency /,, we have 


Ay Pa 
Amf Pape 
ee ae ind (167) 
1 -+ Ifjx, 
and for the decoupled circuit at the frequency f, 
Ay Jxdp +1) 
Amg 1 +-jx.(p + 1) 
1 
= Dora me oe be .. (168 
1 + Ifea(p +) ae 
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For the same fall in response expressions (167) and (168) are equal 


1 1 
“1+ 1fx(p +1) 1+ fj, 
giving x(pt)D=-x, 
2 Na 
eS pad 
from which Soot oe ie “a 5A (169) 
pt+l 


which shows that the addition of decoupling has lowered the 
frequency, for a given loss, in the ratio 1/(p + 1). 

This extension of low-frequency response can be regarded as due 
to an effective increase in the time constant of the inter-valve 
coupling components, such as is brought about by the use of current 
feedback, and in fact the curves of Figs. 96 and 97 apply equally 
to the anode-decoupling and feedback circuits. 


Numerical Example 


As a numerical example of the design of a video-frequency stage 
with low-frequency compensation by means of the anode-decoupling 
circuit, consider a valve in which the value of Ra has been fixed by 
high-frequency considerations at 2,000 Q. Ry is given the highest 
value compatible with adequate h.t. voltage on the valve anode. 
If the valve consumes, say, 10 mA from an h.t. supply of 250 V, 
Ry can usually be 10 kQ (leaving 130 V on the anode). An arbitrary 
value is chosen for Cy—say 16 uF. 

The time constant Ra’Cy can now be evaluated from expression 
(155), the value of Rg’ being given by 


2x 10 x 108 
~ 12 x 10? 


= 1:7 kQ approximately 
. Ra’ Cy = 1-7 X 108 x 16 x 10-8 sec 
= 0-027 sec 


For maximum extension of low-frequency response the grid circuit 
time constant RyCy must equal this value. Suitable component 
values are 1 MQ and 0-03 uF or 270 kQ and 0-1 pF or, of course, 
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any other combination of resistance and capacitance which has this 
value of product. 

In order to calculate the frequency response of the circuit so 
designed we must first determine the response in the absence of 
decoupling components. This is most conveniently expressed in 
terms of the parameter wy, the angular frequency at which the 
reactance of the coupling capacitor is equal to the grid resistor. 
This frequency is given by 


from which fo =x" 


1 
= 6.284 x 0-027 “8 
= 5-9 c/s 


At this frequency the response of the circuit without decoupling 
is 3 db down and if a logarithmic frequency scale is placed along 
the horizontal axis of Fig. 96 so that 5-9 c/s coincides with x = 1, 
the response curve for the undecoupled circuit is given by the curve 
labelled p = 0. 

For the decoupled circuit Ry=5Ra, giving p—=—5 and the 
frequency response with decoupling is given by the curve labelled 

= 5 in Fig. 96. As shown by this curve, the response is 3 db 
down at approximately 1 c/s, one-sixth of the frequency at which 
the undecoupled circuit is 3 db down. This confirms that the 
addition of decoupling has the effect of increasing the time constant 
of the coupling circuit by (p + 1), i.e. 6 times, to the value 6 x 0-027 
— (0-162 sec. From expression (148) the sag introduced by this 
circuit in reproduction of a square wave is given by 


percentage sag = es 
| RgCg 
If the frequency is 50 c/s, ¢, the time of half a cycle, is 0-01 sec 
and we have 


percentage sag = ae 
g&g 
Se tale 
~ 0-162 
= 6 approximately 
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11.5 PHASE RESPONSE OF DECOUPLED CIRCUIT 


Although the percentage sag introduced by a particular circuit 
can be determined from steady-state frequency-response con- 
siderations and the design can be carried out on the basis of such 
response curves, it is nevertl.eless useful to know the phase response 
of the circuit. For the circuit of Fig. 93 this can be determined in 


the following way. Putting Amy = —gmRa in expression (164) we 
have 
_ Vout 
Ay = Von 
__ 8mRajx(p + 1) 
1 + jx(p + 1) 


But gmVjx = I, the alternating component of the anode current. 
Substituting J for gnmVgx gives 


Vout Rajx(p “ 1) 
— = eM ; .. (170 
7 i + ix(p +1) ey 
Rationalising 
Vout ix(p + 1) + x%X(p + 1)? 


= RTD + DP 


This is of the form (R + /X) and the phase angle ¢ between Voue 
and J is given by tan-1X/R, i.e. 


/ 


— tap- (Pp + 
¢@ = tan Xp +1)? 
el 


This expression shows that the phase angle is positive, i.e. Vowe 
leads J. 


This expression is plotted in Fig. 97 which shows that at a given 
frequency x, the phase shift is reduced by increasing p, that is by 
increasing the value of the decoupling resistor Ry. The curves in 
this diagram have the same shape but are progressively displaced 
to the left as the value of p is increased. Thus increase of p 
decreases phase shift and renders the amplifier more suitable for 
amplification of video signals. 

Expression (171) shows that the effect of adding the decoupling 
network is to reduce the phase shift ¢ at a given frequency equivalent 
to x, to 1/(p + 1) of its former value (provided, of course, that 
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Fig. 97—Universal phase-response curves for simple RC-coupled 


circuit with anode decoupling 


Ra'C; is equal to RyCy). This reduction in phase shift is, from 
expression (151), equivalent to an equal reduction in sag during 


the reproduction of square waves. 
made from consideration of the frequency response. 


Alternative Circuit 


This confirms the deduction 


Fig. 98 shows an alternative circuit giving substantially the 
same performance as Fig. 93. At high frequencies the effective 
anode load is Ra because the reactance of Cy is negligible; at low 
frequencies when the reactance of C; is high, the anode load tends 


to the value Ry. The circuit 
of Fig. 93 is probably better 
because RyCy provide anode 
decoupling and smoothing 
in addition to extending the 
low-frequency response. 


Fig. 98—An alternative circuit 
for extending low-frequency 
response 


OHT+ 


OoHT— 
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CATHODE-DECOUPLING CIRCUIT 


12.1 INTRODUCTION 


WE have so far discussed the effects on the low-frequency response 
of an amplifier of the inter-valve coupling and anode-decoupling 
components and have shown that these can be arranged to cancel 
over a limited frequency range. We shall now describe the effects 
of a third RC circuit, namely the cathode-decoupling components 
(ReCx in Fig. 99). These components are similar to the inter-valve 
coupling components in their effect on frequency and phase response; 
in other words they produce a falling amplitude response and an 


OHT+ 


Fig. 99-—-RC-coupled amplifier including inter-valve coupling, anode 
decoupling and cathode-decoupling components 


increasing (leading) phase angle as frequency is reduced. This 
suggests that it should be possible to arrange for the anode-decoupling 
components to cancel the effects of the cathode-decoupling com- 
ponents. As shown here, this can be done and the frequency and 
phase response at the anode of the valve can be made perfect 
down to zero frequency. It is not possible, however, to arrange 
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for the anode-decoupling components to neutralise the effects of 
inter-valve and cathode-decoupling components simultaneously. 


12.2 DISTORTION DUE TO CATHODE COMPONENTS ILLUSTRATED BY 
VECTORS 


The resistor Ry is included in the cathode circuit to provide the 
valve with grid bias. It also gives current feedback and an attendent 
loss in amplitude response which is normally undesirable and Cy, is 
included to eliminate feedback. The capacitor is effective in doing 
this at all frequencies for which the reactance is small but unless a 

prohibitively large capacitor is used, feedback is present at very low 
frequencies. This causes a fall in output, and a phase shift in the 
output of V1 at frequencies near the value for which the reactance 
of Cx equals Ry. The phase shift can be illustrated in a vector 
diagram such as that shown in Fig. 100. This shows the anode 


DIRECTION OF VECTOR ROTATION 


Vak eK ON Vgk Iq 


Vk Vin 


Fig. 100—lIllustrating the phase lead of an RC-cathode circuit 


voltage Vax in antiphase with the grid-cathode signal Vj; and the 
anode current Jy. At the frequencies for which the reactance of Cx 
is comparable with Rx, the potential Vz; developed across the cathode 
components lags the anode current by an angle ¢ of less than 90°, 
as shown in the diagram. The input voltage Vin to the valve is 
made up of Vz and Vz and its phase and magnitude can be deter- 
mined by completing the vector parallelogram as shown. 

At frequencies for which the cathode circuit is of negligible im- 
pedance, the anode potential is in antiphase with the grid potential 
and the vectors representing these voltages therefore have the 
relative positions of Vaz and Vx, in Fig. 100. At low frequencies 
an input signal Viz gives an output signal Vaz. The angle between 
Vin and Vax, measured in an anticlockwise direction (the conven- 
tional direction for vector diagrams), is (180 + ¢)° which exceeds 
the angle between Vz; and Vax by 6°. Thus it may be said that the 
cathode components cause a phase lead of ¢°. 
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12.3 FREQUENCY RESPONSE 


The magnitude of the attenuation and phase distortion introduced 
by an RC cathode-decoupling circuit can be calculated in the 
following way. 

The impedance Z; of Rx and Cy in parallel is given by 


a- ..._ Re _ 
~ 1 + jwoCyRe am) 


In flowing through this impedance, the valve cathode current J sets 
up a voltage Vz given by 


Vi = IZ, - ws ¥s .. (178) 


If the valve is a pentode we can neglect the screen current and 
assume that the anode and cathode currents are equal. The input 
signal Vin is equal to the sum of the grid-cathode signal, Vg, and 
the cathode-earth signal, Vz. Thus 


Vin = Vox + Vr 


= Vox + 12% 
But J = &m Vor 
Vig = Vox(1 + gnZx) 
from which 
Vin 
| Lene gn nde LI .. (179 
gk 1 -+- &mZk ( 


The output signal, Vout, is given by — JR, and substituting gmVox 
for J, 


Vout = — 8mVoxrRa 
Substituting for Vg, from (179) 
Vout = — &mRa es, 
6 Ay = “ 
Se ee. ee (180) 
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This can be simplified by putting Any for — gmRa 


Alf dy «2-5: 
Am 1+ &mZk cen) 
Substituting for Z; from (177) and re-arranging 
Aig 1 + joCeRe (182) 


Amp 1+ JjoCrRr + gmRt 


Now gm = 1/rx where rx is the ratio of a small change in cathode 
potential to the corresponding change in cathode current. Sub- 
stituting 1/rz for gm in (182) and re-arranging we have 


Alf awe! + joCrRerk _ 
Amf re + Re + joCrRere 


Dividing numerator and denominator by (rz + Rx) 


Ay __ rel(re + Re) + joCeRe’ (183) 
Anf 1 + joCeRe’ 7 
where 
F r~eRx 
seni (184) 


Ry’ is the resistance of the external cathode resistor Rx and the 
internal cathode resistance rz in parallel. It is the resistance which 
would be measured by an a.c. bridge connected between cathode 
and h.t. negative. 

Expression (183) can be arranged in a simpler form by the sub- 


stitutions 
we = 1/Rr'Cr ns at .. (185) 


x = wlox (oes (186) 


wy is thus the angular frequency at which the reactance of the 
cathode capacitance equals the external cathode resistance Rx and 
the internal cathode resistance (rz = 1/2m) in parallel. As before 
x is a variable directly proportional to frequency. Making these 
substitutions we have . 


Ai rel(rh t Rx) jx. 

7a ae ee oe .. (187) 
From which 

Ar = rel (re a Rx)? + x? 

Amf vy | 1 + x? oie ai 
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The response in decibels is thus given by 


| te 
20 log io oe = 10 log,, owe Ro nee ] 
4am, 


1 Rx)? 
= 10 loge | 7 ont + 


This expressicn is plotted in Fig. 101 for values of gmRz between 0 
and infinity. The diagram shows that there is a step in the 
frequency response which may be regarded as beginning below a 
frequency corresponding to x = 1, i.e., at the frequency for which 
the reactance of Cx equals Ry and rx in parallel. The curves are all 


(189) 


Relative response, decibels 


Value of x 


5 10 38620 50 100 200 
Frequency, ¢/s for fy =S0 c/s 


Fig. 101—Effect of finite cathode impedance on frequency response 
of an amplifier 


asymptotic to the line gmRy; =O representing zero loss at high 
frequencies and to the loss — 20 log,)(1 + gmRx) at low frequencies. 
This loss can be evaluated very simply by putting x = 0 in expression 
(189). The low-frequency loss is thus 6 db when gmRzx = 1; this 
occurs when Rx = 1/gm, i.e., when the external cathode resistance 
equals the internal resistance (1/gm). In most practical amplifiers 
the value of the cathode bias resistance is approximately equal to 
1/gm and the curve for gmRxz = 1 is thus of great importance. 


12.4 PHASE RESPONSE 
The phase characteristic may be deduced from expression (187). 
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Fig. 102—Effect of finite cathode impedance on phase characteristic 
of an amplifier 


This may be restated thus 


V, 
Ay = ia 
= = ene. “Ce + BO) bi 
Rationalising 


Vout _ ee Ree ee) sxe 
“= —8mRa ~ i 
Vin 1 x 


This is of the form (R + /X) and the phase angle ¢ between Vout 
and Vin is given by tan-1X/R, 1.e., 


x— xrE| (rk -+- Rx) 


= tan-} 
rere + Re) + x? 
xRr 
= tan! 
x7(rze + Re) + re 
= tan-} xemRe 


SU + amy) +1 a”) 


Since x, gm and Rx are all essentially positive qualities ¢ is also 
positive implying a phase lead. This expression is plotted in 
Fig. 102 for the values of gmRx used in Fig. 101. It can be seen 
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that the phase angle rises to a maximum as frequency is lowered and, 
except when gmR; is infinite, returns to zero again. 


Numerical Examples 

From the universal curves of Figs. 101 and 102 it is possible to 
deduce the frequency and phase response for a particular valve and 
cathode circuit or alternatively to determine what component values 


are necessary to give a desired response. 
For example consider an amplifier stage in which gm is 8 mA/V, 
Rx is 125 @ and Cy is 50 pF. The frequency and phase responses 


are required. 


We have 
1 
r= ee 
1 
= 3x 103% 
= 1250 
po TRE 
Re rk + Rx 
_ 125 x 125 
_ 250 
= 62:50 
The reactance of C; is equal to Rx’ at the frequency for which 
ee we ltl, 
Re’ Ce 
se phe ge, 
oh 27Rr' Cr 


1 
~ 6-284 x 62-5 x 50 x 10-8© 


= 50 c/s approximately 


/s 


The frequency response of the amplifier can be obtained by locating 
a frequency scale along the horizontal axis in Fig. 101 so that x = 1 
corresponds with 50 c/s. This has been done in this diagram and 
the response of the amplifier (given by the curve labelled gmRxz = 1) 
shows that the loss is 2 db at 50 c/s, 4 db at 25 c/s and 6 db below 
approximately 10 c/s. |The phase response of the amplifier can be 
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obtained in a similar manner from the curve labelled gnR,x = 1 in 
Fig. 102. As shown the phase shift is nearly 20° at 50 c/s; this 
would cause prohibitive sag in the reproduction of a 50 c/s square 
wave. 

The phase shift can be decreased by increasing the value of Cx 
but what value of Cx is necessary to limit the sag to, say, 5 per cent 
at 50 c/s? This can be calculated from Fig. 102 in the following 
way. From Fig. 91, 5 per cent sag corresponds to a phase shift of 
1° approximately at the fundamental frequency of the square wave. 
Substituting gnRx = 1 and ¢ = 1° in expression (190) we have that 
x is approximately 28-5. Hence 

(43) 


2 = 28-5 


Wk 
at 50 c/s. Now wy = 1/Rxz’Cx. Hence 


C= 


ioe 28:5 
~ 6-284 x 50 x 62:5 


F 


= 1450 pF 


This is a large value of capacitance and even though only a low 
value of voltage rating is necessary, the component is bulky and 
inconvenient to use. The necessity for it can be avoided by some 
of the alternative methods of design now to be described. 


12.5 Use oF EXTERNAL SOURCE OF GRID BIAS 


From expression (182) for the effect of an RC circuit on the 
frequency response of an amplifying stage it is clear that the loss in 
low-frequency response (and the phase distortion) can be eliminated 
by putting R,; = 0, ie., by omitting the RC combination and con- 
necting the cathode directly to h.t. negative. This is permissible, 
provided the negative grid bias required is obtained from an external 
source as shown in Fig. 103. 


12.6 Use oF RESISTIVE CATHODE CIRCUIT 


If it is essential to obtain grid bias by a resistor in the cathode 
circuit, the loss in low-frequency response and the accompanying 
phase distortion can be avoided by omitting the decoupling capacitor 
Cx, leaving the cathode circuit as shown in Fig. 104. This eliminates 
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the j-term in expression (182) but introduces a loss at all frequencies 
given by 


20 log, o(1 + gmRx) db 


and if gn = 8 mA/V and R; = 150 Q, 

loss = 20 log,.(1 + 2mRx) 
20 log 92:2 
6°85 db 


Fig. 103—By using an external bias source, distortion due to 
cathode components can be eliminated 


If the anode resistor Rg is 2,000 O, the gain in the absence of feedback 
is given by 
A = 8mRa 


= 8 x 10-3 x 2 x 103 
= 16 
and with feedback the gain is reduced to 


Perens 


— 16 Sei 
1+@ x 10-3 x 150) 

18 

22 

= 76 
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The loss is serious but there are circumstances where it can be 
afforded. The loss can be reduced, of course, by decreasing the 
value of Rx; this can sometimes be done when the input signal for 
the valve is very small (as, for instance, in a camera head amplifier) 


OHT + 


Fig. 104—Distortion due to cathode components can also be 
eliminated by omission of the decoupling capacitor 


where there is little likelihood of the valve taking grid current. In 
such circumstances it might be possible to reduce Rx to, say, 80 QO, 
which gives a grid bias of nearly 1 V with 12 mA cathode current, 
and the gain reduction due to feedback is 4:3 db. 


12.7 CANCELLING DISTORTION DUE TO CATHODE COMPONENTS BY 
ANODE-DECOUPLING COMPONENTS 


If neither of the above methods can be used and an RC-cathode 
circuit is essential, the distortion introduced by the cathode- 
decoupling components can be eliminated by arranging for it to 
cancel that produced by the anode-decoupling circuit. (This is 
only possible, however, if the anode-decoupling circuit is not already 
being used to offset the distortion due to the inter-valve coupling 
components.) To effect this neutralisation the anode-decoupling 
and cathode-decoupling components must satisfy certain conditions 
which can be deduced in the following way. 

The gain A of a valve with anode decoupling and cathode de- 
coupling (Fig. 105) is given by 


AS ee 
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OHT + 


Fig. 105—-Compensating distortion due to cathode components 
by anode decoupling 


where Zz, is the impedance of the anode circuit and Z,x is the im- 
pedance of the cathode circuit. The anode load Z, is made up of 
Ra in series with the parallel combination of Cy and Ry and is thus 
given by 

_ Re 

+ joCyRy 

The cathode circuit impedance is simply composed of Cy and Rx in 
parallel. Thus 


Za = Ra + 7 


Ze= 7 = 


Substituting for Z, and Zx in (191) 
Ry 
, — gn( Re ae (2 en) 
if <a, a ~ en 
__BmRe 
1 + jwCeRe 


Multiplying numerator and denominator by 
(1 + joCeRe) (1 + jwCpRy) 


Lae 
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we have 
(1 + joCeRe)(l +JoCpRp) + a : (-tieCeRe) 


R 
"ogres (ECAR IAC i 1HoCRD 
(192) 
This expression can be made independent of frequency and equal to 


— 2mRqa by so choosing component values that the following two 
equations are satisfied 


Ay = 


RyCy = ReCer 7 - eg (193) 
Rr = 8mRxRa a6 de .. (194) 

Dividing (193) by (194) we have 
Cr = Cx/gmRa a a = (195) 


Expressions (194) and (195) give the values of Ry and Cy necessary 
to achieve this compensation. 

As an illustration of the magnitudes of Ry and Cy required in a 
practical amplifier, suppose the valve has an anode-load resistor of 
2,000 9, a mutual conductance of 8 mA/V and that the cathode 
components are 150 Q and SO pF. From (194) we have 


Ry = amRrRa 
= 8 x 10-3 x 150 x 2 x 10° 0 
= 2,400 2 
and from (195) 
Cy = Cx/gmRa 


= 50 x 10-°/(8 x 10-3 x 2 x 103) F 
== 3 uF approximately 


These are easily-realisable component values and thus the com- 
pensation can be made perfect and independent of frequency, 
implying that the response curve of the amplifier, measured at the 
valve anode, is level down to zero frequency. The zero-frequency 
response will, of course, be lost if the anode is capacitance-coupled 
to the grid of the succeeding valve. 

In the previous chapter the anode-decoupling circuit was used to 
offset distortion occurring in the inter-valve coupling circuits and 
it was not possible in such a circuit to make the compensation 
independent of frequency because this necessitated an infinite value 
of Ry. Thus practical values of Ry, though they appreciably extend 
the low-frequency response, cannot give a zero-frequency response. 
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SCREEN-DECOUPLING CIRCUIT 


13.1 INTRODUCTION 


THE last of the four RC circuits which can affect the low-frequency 
response of an RC-coupled amplifier is the screen-decoupling circuit 
RsgCsg in Fig. 106. 

This has an effect similar to that of the cathode circuit, namely 
that it gives a fall in amplitude response and a leading phase angle, 
both of which increase as frequency is reduced. The process by 
which this occurs can be described in the following way. The value 
Of Rsg is initially chosen to give the desired steady screen voltage; 
if Csg is not included, this resistor also behaves as a screen load, 
causing the screen potential to vary in antiphase with the grid signal. 
The variations in screen potential modulate the anode electron 
stream in antiphase to the grid potential causing a negative feedback 
effect and consequent loss of signal output. Csg is included to 
prevent this effect; it presents the screen with a low value of load, 
reducing the signal amplitude at the screen, and the feedback effect. 
The capacitor is effective in reducing feedback at all frequencies 
for which the reactance is small but unless a very large capacitor is 
used, feedback is still present at very low frequencies and causes a 
fall in output. At frequencies for which there is an appreciable 
signal amplitude at the screen the feedback causes phase shift. 

We shall first illustrate qualitatively by means of vector diagrams 
the production of this distortion by a finite screen load and will 
then show how the magnitude of the distortion can be calculated. 


13.2 EFFECT OF SCREEN-DECOUPLING CIRCUIT ILLUSTRATED 
VECTORIALLY 


Fig. 107 (a) illustrates the relationship between the electrode 
potentials and anode current when the screen load is purely resistive. 
The grid-cathode potential Vg, gives rise to an anode current ly 
which is in phase with Vz; the anode potential Vz and the screen 
potential Vs, are both in antiphase to the anode current. 

If the screen load is made purely capacitive, the screen potential 
lags 90° on the phase indicated in Fig. 107 (b); that is to say the 
screen potential now leads the anode current by 90°. The relative 
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Fig. 106—Complete circuit diagram of an RC-coupled amplifier 
using a pentode 


DIRECTION OF VECTOR ROTATION 


er“. 


(b) 


Vak 


Fig. 107—Vector diagram illustrating the distortion produced by 
the screen-decoupling circuit at low frequencies 
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phases of grid potential, screen potential and anode current for a 
capacitive screen load are illustrated in Fig. 107 (b). The phase of 
the anode current relative to the grid potential differs from that in 
Fig. 107 (a) because the anode current is primarily determined by 
control-grid and screen-grid potentials (the influence of the anode 
potential being negligible). In constructing the vector parallelo- 
gram to illustrate the relationship between grid potential, screen 
potential and anode current, due allowance must be made for the 
fact that the anode current is not equally affected by a given change 
in control-grid and screen potential; the control-grid potential is 
much more effective than the screen potential in changing the anode 
current. The effects of these potentials are measured by the con- 
ductances of the respective electrodes; the change in anode current 
per volt change in control-grid potential is the mutual conductance 
2m Of the valve whereas the change in anode current per volt change 
in screen potential is the screen conductance gs which, in a typical 
valve, may be, say, 1/20th of gm. If the lengths of the potential 
vectors in Fig. 107 (b) are made to represent the product of con- 
ductance and potential (the directions of the vectors still representing 
the phase of the potentials) the relationship between anode current 
and electrode potentials can be illustrated by a parallelogram as 
shown dotted. The anode potential Vax is still in antiphase to the 
anode current and, in Fig. 107 (b), is advanced in phase by ¢° com- 
pared with Fig. 107 (a). This is the phase advance caused by the 
’ capacitive screen load. 


13.3 CALCULATION OF DISTORTION DUE TO SCREEN-DECOUPLING 
CIRCUIT 


The effect of the screen-grid impedance is calculated in Appendix K 
where it is shown that 


Ais —_ 
Amf _ 1+ GsZ sg 


(196) 


in which Gs is the conductance of the screen circuit, i.e., the change 
in screen current per volt change in screen potential and Zgg is the 
impedance of the external screen circuit. This expression is of the 
same form as (181) for the effect of the cathode circuit impedance 
with Gs substituted for gm and Zsg substituted for Zz. If, as is usual, 
the external screen circuit consists of a dropping resistor Rsg and a 
decoupling capacitor Csg in parallel, we have 


Reg 
1 + joCsgRsg 


Z sg = 
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Substituting for Zsg in (191) 


Ay _ At joCsg Reg (197) 
Amf 1 + joCsgRsg a GsRsq 

which can be re-arranged to give 
Ay __ Wsql(rsq + Reg) + JX (198) 


Amf 1+ jx 


in which rsg is the screen a.c. resistance, i.e., the ratio of a small 
change in screen potential to the resulting change in screen current. 
rsg is the reciprocal of Gs. x is given by w/wsy where 


Wsqg = 1/R'sgCsg oe oe oe (199) 
and 
R'sg = Rsg¥sq[(rsg + Reg) 


Expression (198) is identical in form with (187) for the cathode 
circuit. Thus the curves of Figs. 101 and 102 apply equally to the 
loss and phase shift due to the screen grid circuit provided Gs is 
substituted for gm (or rsg for rx), Rsg for Ry and Csg for Cy. For the 
screen circuit x = 1 corresponds to the frequency for which the 
reactance of the screen decoupling capacitor equals Rsy’, the resistance 
of the external screen resistor Rsyg and the screen a.c. resistance rsg 
in parallel. 

The curves of Figs. 101 and 102 can be used to determine the 
frequency and phase response for a given valve and screen- 
decoupling components or to determine the component values 
necessary to give desired responses. 

As an example of the former use, consider a pentode amplifying 
stage in which G; = 0-04 mA/V, Rsg = 25 kQ and Csg = 8 pF. 


GsRsg = 0:04 x 10-3 x 25 x 103 
=v] 


and thus the frequency and phase responses of this particular 
amplifier are given by the curves labelled gmRz = 1 in Figs. 101 
and 102. To calibrate the frequency axis, however, we must 
determine the frequency for which x = 1. 

1 


's9 = oO 
8 


1 
~ 0-04 x 10-8 
= 25 ka 


Q 
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_ 25 x 10° x 25 x 108 | 
- 50 x 103 


— 12-5ko 
@ 
fog = on 


1 
Tt 27 Rsq’ Ci 


1 
= 6.284 x 12-5 x 108 x Bx 10-8 VS 


= 1-6c/s 


Thus x = 1 in Figs. 101 and 102 corresponds to 1-6 c/s for this 
circuit. Fig. 101 shows that the response is 2 db down at 1:6 c/s, 
4 db at 0:8 c/s and 6 db at 0-3 c/s. Fig. 102 shows that the phase 
shift is approximately 20° at 1 c/s, 5° at 10 c/s and 2° at 50 c/s. 
A phase shift of 2° represents a sag of 11 per cent in reproducing 
a 50 c/s square wave. 

As an example of the second type of calculation we will determine 
the value of Csy necessary to keep the sag at 50 c/s below 2 per cent 
in an amplifier in which Rsg must be 25 kQ to give the required 
screen potential. As before Gs is taken as 0-04 mA/V. 

From Fig. 91, to keep the sag within the prescribed limit, the 
phase shift at 50 c/s must be less than 0-35°. The value of x can 
be calculated from expression (190) by putting gmRz =1 and 
¢ = 0-35; this gives the result x = 83. 

The required value of Csg can now be calculated in the 
following way. 


“Seg = 
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| 1 
Now tiga dn Rey’ Cop 
from which Cog = jee 
sgitsg 
~ 6284 x 0-6 x 12°5 x 103 
= 21:2 pF 


This capacitor requires a high voltage rating and is hence a rather 
bulky component. It is sometimes possible to avoid the necessity 
for such components by use of the techniques now to be described. 


13.4 PENTODE WITHOUT SCREEN-DECOUPLING RESISTOR 


From expression (197) we can see that if Rsg is omitted, the 
low-frequency gain becomes independent of frequency and equal 
to the medium-frequency gain. All terms in w disappear which 
implies that there is now no phase distortion. Rsg and Csy can 
be omitted by choosing a pentode which will operate satisfactorily 


OHT + 


Fig. 108—Pentode RC-coupled amplifier with screen grid fed 
directly from the h.t. line 


without exceeding the maximum safe dissipation with the screen 
fed directly from the h.t. supply, say 250 V, as shown in Fig. 108. 
The screen load thus becomes the internal impedance of the h.t. 
supply unit which is usually very low in units designed to feed 
television amplifiers. 
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T+ 


Fig. 109—Pentode RC-coupled amplifier with screen grid fed 
from a cathode follower 


13.5 Use oF CATHODE FOLLOWER TO FEED SCREEN 


Alternatively, if the screen potential must be considerably lower 
than the h.t. supply voltage, it is possible to feed the screen from a 
cathode follower situated in the amplifier or in the h.t. unit as 
shown in Fig. 109. The screen load is the output impedance of 
the cathode follower which is, of course, very low and gives 
negligible degeneration. 


APPENDIX K 


PHASE AND FREQUENCY RESPONSE DUE TO 
FINITE SCREEN IMPEDANCE 


IF the external screen impedance of a pentode valve is not zero, 
the screen impedance will vary at signal frequency when a signal is 
applied to the control grid. This variation of screen potential 
affects the anode current, reducing the anode voltage and causing 
phase shift by a process somewhat similar to that by which the 
external cathode impedance affects the anode output. The 
magnitude of the effect can be calculated as follows. 

The alternating component Jy of the anode current of a pentode 
is given by 

Tg = &mVox + &sVsgx + SaVar .. +s (1) 
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in which 2m = mutual conductance, defined by Ala/AVox, 
Vox = grid-cathode voltage, 
gs = anode-screen conductance, defined by Ala/AV sgt, 
Vsgx = screen-cathode voltage, 


&a = anode conductance, defined by Ala/AVax, i.€., it 
is the reciprocal of the anode a.c. resistance, ra, 


Vax = anode-cathode voltage. 
For the type of pentode valve commonly used in video-frequency 
amplifiers, ga is very small, the anode current being almost 


unaffected by changes in anode voltage. We may thus take gq 
as being negligible and expression (1) then becames 


Tn = &mVok + 8sVsgk .. — nt (2) 
The alternating component /; of the screen current is given by 
a similar expression 
Ts = GmVor + GsVoge .. a (3) 
in which Gm = the mutual conductance defined by ARIA Von 
and G, = the screen conductance defined by AJs/A Vagx. 


When a pentode valve is used as an amplifier and the external 
screen impedance is finite, the anode current is determined by the 
control-grid and screen-grid voltages; the latter is the product of 
screen current and screen impedance and is opposite in phase to 
the control grid potential. Thus 


V sok as) a I;Zsg eid ois = ee (4) 


where Zsg is the impedance of the external screen-grid circuit. 
Substituting for Vsgx in (2) 

Ia = LmV ok = slsZsg i ras ass (5) 
Substituting for Vsgxz in (3) 


Is = GmVogr — GsIsZsg 


from which 
— — Gn gk 
PGT, af =a os (6) 
Substituting for Js in (5) 
¥sLsgGmV ok 


g sGmZ sg | 


= snVor|1 pra Sm 1 < GsZsq) (7) 
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Now 
8sGm _ Ala Als AV gx 
Em AVsge AVox Ala 
_ Als 
A Vsgk 
= G; 
Substituting for gsGm/2m in (7) 
ig _ Gsbeg 
a= sno | 1 ee) 


a 
BME TL GsZg 
The output voltage, Vouz, is given by 


Vout = — IaRa 
1 
= — 2mVokRa - T+ GilZay 
— Vout 
. A Vi 
ee 
FE Gag 


Substituting Am; for — gmRa 

PO oe 2 gs 28 

Amy 1 of GsZ sq 
Gs is the reciprocal of the screen a.c. resistance rsg and this 
expression may thus be written 


A 1 

Amf i+ Zsq|"'sq 
which is similar to the expression due to the impedance in the 
external cathode circuit namely 

A _ 1 

Amp = 1 + Zelre 
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D.C. COUPLING 


14.1 INTRODUCTION 


WE have now discussed the influence of the inter-valve and 
decoupling circuits on the frequency and phase response of video- 
frequency amplifiers and have shown that correct choice of com- 
ponent values in these circuits can extend the low-frequency response 
by several octaves down to frequencies of the order of 1 c/s. If, 
however, RC-coupling is used between successive stages it is not 
possible to extend the response down to zero frequency and such 
a response is needed in video-frequency amplifiers for certain 
amplifications. We shall now describe a circuit, known as d.c. 
coupling, which can be used to achieve this result. When correctly 
designed, a d.c.-coupled amplifier has a frequency response which 
is level down to zero frequency. Such amplifiers are often used, 
however, in applications where a good response is wanted at very 
low frequencies such as 0-01 c/s and where a response at zero 
frequency is no disadvantage. 


14.2 DESIGN OF D.C.-COUPLED CIRCUIT 


In its simplest form d.c. coupling is achieved as shown in Fig. 
110, by connecting the anode of one valve directly to the grid of the 
succeeding stage, without using the usual coupling capacitor and 
grid resistor. Provided effects due to anode-, screen- and cathode- 
decoupling circuits can be overcome, this simple circuit gives a 
response down to zero frequency but it has a number of practical 
inconveniences associated with the steady voltages it is necessary 
to maintain on the various electrodes. For example the grid of 
V2 carries the steady voltage on V1 anode, necessitating a high 
cathode voltage for V2 in order that V2 shall have the correct value 
of grid bias. To offset the effects of this voltage and give a reason- 
able value of anode-cathode voltage for V2, the h.t. voltage applied 
to this valve must be considerably higher than normal. This 
difficulty is aggravated in a multi-valve direct-coupled amplifier of 
this type and necessitates an inconveniently-high value of h.t. 
voltage. Moreover component values must be adhered to very 
precisely because valve bias voltages depend on them; thus close 
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tolerance components are required. Further, any change in the 
steady electrode potentials in an early stage (due, for example, to 
an ageing component or valve) may become large enough, after 
amplification by subsequent stages, to prevent normal operation 
of a later stage. For example, as a result of the voltage change, 
the steady potential on the grid of the final stage may become 
sufficiently negative to bias the valve beyond anode-current cut-off. 
This can be prevented by a system of zero-frequency feedback 
described later. 


Fig. 110—Basic form of d.c.-coupled circuit 


These difficulties can be reduced by modifications to the basic 
circuit and Fig. 111 shows the form most commonly used. 
This may be regarded as a conventional RC-coupled circuit 
with an anode-decoupling circuit and with an additional resistor Re 
connected in parallel with the coupling capacitor to provide the 
zero-frequency response. The value of Re is chosen in the 
following way. 

Because of the presence of the anode-decoupling circuit, the 
zero-frequency gain measured at the anode of V1 is greater in the 
ratio (Ra + Ry)/Ra than at medium frequencies when Ry is 
effectively short-circuited by Cy. However, signals being transferred 
from the anode of V1 to the grid of V2 are attenuated by the 
network R-CyRg; the attenuation is very small at medium 
frequencies and above because Cy effectively short-circuits Re but 
increases as frequency is reduced and is equal to Rg/(Re + Rg) at 
zero frequency. Thus the decoupling components give a rising 
low-frequency characteristic and the coupling components give a 
falling characteristic. These characteristics are both produced by 
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RC circuits of the same form, consisting of a parallel resistance- 
capacitance combination in series with a resistor. By suitable 
choice of component values the frequency characteristics of these 
two networks can be made exactly complementary and the overall 
response is then level down to zero frequency. To achieve this 
compensation two conditions must be satisfied. Firstly the ratio 
of the two resistances in each network must be the same. Thus 


Re _ Rr 
Ry ae Ra ee 
Secondly the product of capacitance and resistance in one network 


must equal that in the other, i.e. both must have the same time 
constant. This equality may be written 


RyCy = ReCy 7 ie ut .. (201) 


(200) 


The design of a circuit of this type can be carried out in the 
following way. There are six component values to be decided, 


oHT + 


Fig. 111-—Practical form of circuit giving a response level down 
to zero frequency 


namely Ra, Ry, Re, Rg, Cy and Cy. The value of Rg is determined 
by high-frequency considerations and a typical value is 2,000 0. 
The decoupling resistor Ry is usually made 5 or 6 times Ra, e.g. 12 kQ. 
Ry, is given a large value which will not, however, encourage grid 
emission; a common-used value is 470 kQ. The value of R- can 
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now be calculated from the first of the two relationships given 
above. We have 

_ RrRy 

= a 

__ 12 x 10? x 470 x 108 
= 2 x 103 


= 3 MOQ approximately 


Re 


Q 


We now have to determine suitable values for Cy and Cy. These 
capacitances are related according to the second of the above two 
relationships and if the numerical values are substituted for Re and 
Ry in this, we find that Cy must be 250 times Cy to give a response 
level down to zero frequency. It would appear, therefore, that the 
absolute values of Cy and Cy, do not matter provided Cy = 250 Cy. 
There are, however, practical limits to the values of capacitance 
which can be used; for example if Cy is made too large its shunt 
capacitance to earth is considerable and the high-frequency 
performance of the amplifier is affected. For this reason Cy 
should preferably not exceed 0-1 uF. On the other hand if C; 
is made too small it becomes ineffective as a decoupling and 
smoothing component. Cy should ideally not be less than, say, 
16 uF. Using this value we have that Cy = C;/250 = 0-07 pF. 

Thus suitable component values for the circuit are 


Ra = 2 kQ 
Ry = 12 kQ 
Rg = 470 ka 
Re = 3:3 MQ 
Cy = 16 pF 
Cy = 0-07 pF 


Re is 6 times Ry and the steady potential applied to the grid of 
V2 is 4th of the anode potential of V1. The latter is approximately 
110 V and the steady voltage on V2 grid is only 110/7, nearly 16 V, 
which can readily be offset by appropriate choice of cathode 
potential. This circuit does not, therefore, necessitate the provision 
of an inconveniently-high h.t. supply voltage. 
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PART IV: FEEDBACK IN VIDEO-FREQUENCY 
AMPLIFIERS 


CHAPTER 15 


BASIC PRINCIPLES OF FEEDBACK 


15.1 INTRODUCTION 


THE principle of feedback, i.e. that of taking a voltage from one 
stage of an amplifier and returning it to an earlier stage to aid or 
oppose in phase the input there, is extensively employed in video- 
frequency amplifiers. Such feedback has numerous advantages: it 
can be used to extend the frequency range; to decrease harmonic 
and phase distortion and to improve the signal-handling capacity 
of valves (an example of this is givenin Chapter 5). Feedback also 
makes the characteristics of the amplifier less dependent on valve 
parameters, enabling valves to be changed without significant 
alteration in amplifier performance. 

Feedback may also have an effect on the input and output 
impedances of the amplifier, and can increase or decrease either 
according to the feedback connections used; this change in amplifier 
characteristics is sometimes desirable, sometimes not. 

The advantages of feedback are not obtained without cost; the 
gain of an amplifier is reduced by the application of negative 
feedback. Moreover when considerable feedback is used there is 
a risk of instability. 

In this chapter we shall discuss the fundamental principles which 
govern the use of feedback in video-frequency amplifiers, and 
subsequent chapters will describe the various types of circuit which 
can be used to apply feedback. 


15.2 FUNDAMENTAL CONSIDERATIONS 


There are many different ways of deriving the feedback voltage 
from an amplifying stage and as many methods of reintroducing 
it at an earlier stage. Three typical circuits are shown in Fig. 112. 

In Fig. 112 (a) feedback is obtained from the resistor Rx which 
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Fig. 112—Three circuits providing negative feedback 
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may also function as an automatic bias component. The alternating 
component of the cathode current sets up a signal-frequency feed- 
back voltage across R, and the grid-cathode signal of the valve 
consists of this voltage and the external input signal connected in 
series. These two voltages are in phase opposition; this may be 
deduced in the following way. A positive-going signal applied to 
the grid causes an increase in anode current and a positive-going 
cathode voltage. The latter is equivalent, in its effect on anode 
current, to a negative-going signal on the control grid. Thus the 
input signal and feedback voltage are in phase opposition and this 
circuit is an example of negative feedback. 

In Fig. 112 (b) the two resistors R, and R, form a potential 
divider across the anode load resistor Ra and the voltage across R, 
is applied to the valve grid as a feedback voltage. Cy, is a low- 
reactance capacitor necessary to avoid direct current flowing 
through R,R. from the h.t. supply. A positive-going signal 
applied from an external source to the valve grid causes a negative- 
going (amplified) signal at the valve anode and a negative-going 
feedback voltage. The feedback voltage thus opposes the input 
signal in phase; this circuit is, therefore, an example of negative 
feedback. 

Fig. 112 (c) illustrates the elements of a 2-stage amplifier and 
feedback is again applied by a potential divider R,R, connected in 
parallel with the anode resistor Ra of the second stage. In this 
circuit R, also functions as bias resistor for V1. This is again an 
example of negative feedback as shown in the following argument: 
a positive-going signal applied to V1 grid causes a negative-going 
signal at V1 anode and hence at V2 grid. This, in turn, gives 
rise to a positive-going signal at V2 anode and a positive-going 
feedback voltage at Vl cathode. A positive-going signal at V1 
cathode has the same effect on V1 anode current as a negative-going 
signal on V1 grid. The external signal which brought about this 
feedback voltage was positive-going and thus this circuit gives 
negative feedback. 

The foregoing paragraphs may be summarised in the following 
way. The signal at the anode of an amplifying valve is phase 
inverted with respect to the grid signal which produced it. To 
obtain negative feedback in a single-stage amplifier it is necessary 
to use a feedback circuit without phase shift such as a resistive 
potentiometer between V1 anode and grid. If a second amplifying 
stage is added, an additional phase inversion is introduced and to 
obtain negative feedback now the resistive potentiometer should be 
connected between V2 anode and V1 cathode. In negative feedback 
circuits, allowance can be made for the sign or polarity of the 
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output signal by introducing the feedback voltage into the grid or 
cathode of the chosen valve. There is hence no need to preface 
expressions for stage gain by a sign to indicate the presence of a 
phase reversal and, to simplify the subsequent algebra, all stage 
gains are regarded as positive. 

The effect of feedback on the gain of an amplifier can be illustrated 
by block schematic diagrams as shown in Fig. 113. The upper 
diagram (a) shows an amplifier of gain A. If a signal of 1 volt 
amplitude is applied to the input terminals of this amplifier, the 
output signal is of A volts amplitude. 


1 VOLT AMPLIFIER A VOLTS 
GAIN=A 2 


(9) 


(1448) VOLTS I VOLT | AMPLIFIER A VOLTS 


GAIN= A 


A LT FEEDBACK] a voit 
BYOUS CIRCUIT sella 


GAIN: B 


(b) 


Fig. 113—Illustrating the principle of feedback 


The lower diagram (b) represents the same amplifier with a 
feedback circuit added. The feedback circuit has the effect of 
abstracting a fraction 8 of the output of the amplifier and returning 
it to the input. If the input to the original amplifier terminals is 
of 1 volt, the output is still of A volts amplitude. This output 
is the input to the feedback circuit and the output of this circuit 
is Af volts. The phase of this voltage is such that it is necessary 
to apply (1 + Af) volts to the new input terminals to produce 
A volts output. The gain of the amplifier with feedback is 


Ba 
~ 1+Ap 
A’ is known as the external gain of the amplifier and A is the 
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internal gain. For negative feedback A and f are both positive 
quantities and, from (202), the external gain is less than the internal 
gain. 

Expression (202) can be written in the form 


1 
1/A + 8 
from which it follows that if 1/A is small compared with f, the 
external gain is approximately equal to 1/8. This is a convenient 
result to remember; the value of § in a circuit can often be stated 
from an inspection of the component values in the feedback chain 
enabling the gain to be assessed approximately on inspection. 
If the feedback is positive the product Af has the opposite sign 
from that in expression (202) and we have 
; A 
ie 5: ee Ae ma .. (203) 
showing that the external gain is greater than in the internal gain. 
When Af = 1 the external gain becomes infinite; for this value of 
Af the amplifier becomes unstable and if Af is greater than 1 the 
amplifier becomes capable of supplying its own input, i.e. it becomes 
an oscillator. 
The factor (1 + AS) which occurs in the denominator of 
expression (198) is known as the feedback factor; it always exceeds 
unity for negative feedback. 


A’ 


15.3 VOLTAGE AND CURRENT FEEDBACK 


The performance of a feedback amplifier is dependent on the 
value of 8 and this can be determined by inspection of the circuit. 
For example in a circuit of the type shown in Fig. 112 (b) and (c) 
in which feedback is applied by means of a potential divider the 
value of f is given by 


Fig. 114 (a) shows the general form of a circuit of this type in which 
the load and the potentiometer arms are all impedances. We thus 
have 


The impedance (Z, + Z,) is generally made large compared with 
Z, in order that the addition of the feedback potentiometer shall 
have no significant effect on the output load of the amplifier. In 
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(6) 


Fig. 114—Distinction between voltage and current feedback 
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a circuit of this type the feedback voltage Vy» is proportional to the 
output voltage Voue and the circuit is often said to provide voltage 
feedback. 

A circuit such as that shown in Fig. 112 (a) belongs to the general 
type shown in Fig. 114 (b) in which the impedance Z, is equivalent 
to the anode load resistor Rg and the impedance Zyy is equivalent 
to Rx. In such circuits Zp is usually made small compared with 
Z, in order that the insertion of the feedback component does not 
affect the output load significantly. The feedback voltage is 
equal to JZ; and is thus proportional to the current in the load 
circuit; such circuits are said to have current feedback. 

Examination of Fig. 114 (b) shows that the feedback voltage 
Vy» can be expressed as a fraction of Vouz just as in the voltage 
feedback circuit of Fig. 114 (a). In fact we have, for the current 
feedback circuit, 


which compares directly with the expression for 8 given above for 
the voltage feedback circuit.. The concept of feedback fraction is 
thus common to voltage and current feedback circuits and if, in 
the mathematical treatment of feedback, all expressions are given 
in terms of 8, it becomes unnecessary to draw a distinction between 
these two types of circuit. This simplified approach to the subject 
is used in the following text. 

It will be noticed that the value of 8 for a voltage feedback circuit 
does not involve the load impedance Z,. In the current feedback 
circuit, however, the load impedance forms the upper arm of the 
feedback potentiometer; 8 is then dependent on the value of Z,. 
This has important practical consequences, because the load 
impedance Z, is not always an independent variable; frequently 
its value and nature are determined by design requirements other 
than those involving feedback. Thus in a current feedback circuit 
Zro may be the only parameter which can be chosen to give the 
desired performance. In a voltage feedback circuit both Z, and 
Z., can be given any value we please to obtain the required 
performance. Thus in general current feedback circuits are less 
flexible than their voltage feedback equivalents. 


15.4 SERIES AND PARALLEL-CONNECTED FEEDBACK 


Feedback is used to extend frequency response and improve 
linearity but in addition it has an effect on the input and output 
impedances of the amplifier. The effect on output impedance 
depends on the type of feedback used; voltage feedback decreases 
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output impedance and current feedback increases it. The effect on 
input impedance is independent of the type of feedback and is 
determined by the nature of the circuit used to introduce the feed- 
back voltage into the amplifier. In general this circuit can be 
designed to inject the feedback voltage in series with the external 
input signal or in parallel with it. The distinction between series- 
and parallel-connected feedback is illustrated in Fig. 115. In (a) 
the grid-cathode signal Vx of the valve consists of the input signal 
Vin and the feedback voltage Vy» connected in series. This is an 
example of series-connected feedback and the input impedance is 
greater than the value of Rg; such a circuit was in fact used in 


oe, (>) 


Fig. 115—-A circuit providing series-connected feedback is shown 
at (a) and parallel-connected feedback at (b) 


Chapter 10 to increase the effective time constant RyCy in the grid 
circuit of a valve. Since Rx provides current feedback, this circuit 
also has the effect of increasing the output impedance. In (b) it is 
assumed that Rs, the internal resistance of the signal source Vin, is 
very small compared with Ry. The input signal therefore appears 
in full between the grid and cathode of the valve. Rs also behaves, 
however, as the lower arm of the feedback potentiometer, the upper 
arm being R,. The feedback voltage also appears across Rs and 
between the grid and cathode. This is an example of parallel- 
connected feedback and has the effect of decreasing the input 
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impedance which is therefore smaller than Ry. This circuit provides 
voltage feedback and the output impedance is also reduced. 

The conclusions of the preceding paragraphs may be summarised 
thus: the effect of feedback on output impedance is determined by 
the type of feedback; the effect on input impedance is determined 
by the type of connection. A more precise summary of these effects 
is given in the following table: 


Impedance Type of feedback | Type of connection Effect 
Input Voltage or current — Series ‘Increased 
Input Voltage or current Parallel | Decreased 
Output Voltage Series or parallel | Decreased 
Output Current ' Series or parallel Increased 


15.5 FREQUENCY-DISCRIMINATING FEEDBACK 


Negative feedback extends the frequency response of an amplifier 
even if the feedback fraction f is independent of frequency, as when 
a purely resistive potential divider is used. However, greater 
control of the overall frequency response of a feedback amplifier is 
possible if the feedback fraction is made to vary with frequency. 
By appropriate choice of the nature and magnitude of Z,, Z, 
(Fig. 114 (a) ) and Zp (Fig. 114 (b)) it is possible to make pf 
constant or frequency-dependent at will and by altering the degree of 
frequency-dependence of 8, a variety of different shapes of overall 
frequency response is possible. 

For example, it may happen that an amplifier has a satisfactory 
frequency response but feedback is needed to improve linearity or 
signal-handling capacity. In such circumstances the circuit must 
be designed to have no effect on frequency response. This is possible 
by correct choice of components for the feedback potentiometer, 
such feedback being termed aperiodic. 

Alternatively it may be desirable to design the feedback circuit 
to give critical damping of the transient oscillation which occurs 
during reproduction of a steep transient. Such feedback is termed 
critical and it leaves the shape of the frequency-response curve 
unaltered but increases the frequency coverage; in other words the 
equation to the curve is still of the same form (e.g., still cubic) but 
the values of the coefficients are changed by critical feedback. 

Asa third possibility, feedback may be used to obtain a maximally- 
flat frequency response, i.e., a response with an equation containing 
only a single term in frequency. Such feedback is termed maximal 
and in certain simple circuits, such as a single-stage RC-coupled 
amplifier, maximal feedback requires the same type of feedback 
circuit as critical feedback. 
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Fourthly, the constants of a feedback circuit can be proportioned 
to give an optimally-flat response, i.e., one with an equation having 
no terms in frequency. Such feedback is termed optimal and gives 
the widest possible frequency coverage. 

In the majority of video-frequency amplifiers employing feedback 
the circuits are designed to give maximal or optimal feedback and 
in the following pages emphasis is mainly on these forms of feedback. 
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CHAPTER 16 


FEEDBACK IN A SINGLE-STAGE 
RC-COUPLED AMPLIFIER 


16.1 INTRODUCTION 


Tue advantages of feedback in a video-frequency amplifier were 
described in general in the previous chapter; it was shown that one 
of its most useful effects is that on frequency response. By extending 
the high-frequency response, feedback can reduce rise time and by 
extending the low-frequency response it can reduce sag. Although 
the same feedback components can be used to extend high- and 
low-frequency response simultaneously, the effects on the two 
extremes can be considered separately and we shall first consider 
the design of feedback circuits to give a desired shape of high- 
frequency response; the effect on low-frequency response is con- 
sidered later. For the sake of simplicity this chapter deals with the 
application of feedback to single-stage RC-coupled amplifiers. 
Later chapters describe the design of multi-stage feedback amplifiers. 


16.2 APERIODIC VOLTAGE FEEDBACK 


It will be recalled that this form of feedback improves linearity 
and signal-handling capacity but leaves frequency response (and 
hence rise time) unaffected. With feedback of this nature the 
external high-frequency gain Any’ is related to the internal high- 
frequency gain according to the relationship 


» _ Ang 
Ang = K 53 ae as (204) 
where K is a real constant, the value of which is determined by the 
degree of feedback. The type of voltage- and current-feedback 
circuit required to give a performance of this nature can be deter- 
mined in the following way. 
From expression (202) the external gain is given by 


_ __Ang 
1 + Ang 


where f is the feedback fraction. Any is related to the medium- 
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frequency gain Ams according to expression (16), namely 


_ Ams _ 
eT ig 
and substituting for Any in the denominator of (205) we have 
A 
Ag hf 


~ 1+ AmsB/ + 3x) 
Equating this with expression (204) 


= AmB 
BO RES Ti 
which gives the value of 8 as 
K-1 
p= ae (1 +Jx) 
mf 


In this expression, for 8, K and Amy are both real numbers with no 
imaginary components. Thus 8 must be a simple multiple of 
(1 ++ jx), i.e., must be of the form 

B = K,(1 +Jx) 
where K, is another real constant. To determine the form of 8 
more precisely it is desirable to expand x thus 

B K,(1 + jx) 
K,(1 + jo/w9) 
= K,(1 + jwC:Ra) sg a (207) 


I 


I 


A feedback fraction of this type can be chtained by correct choice 
of components in the feedback circuit and we shall first determine 
the component values required in a voltage-feedback circuit of the 
type shown in Fig. 114 (a). 8 is given by 


Z, is often small compared with Z, and the feedback fraction is 
given approximately by 


p= oe ak 1208) 


Now Z, and Z, can both have resistive and reactive components if 
necessary and in general f has real and imaginary components. By 
choosing the nature of Z, and Z, appropriately 8 can be made 
of the form as in expression (207). This can be done in two ways. 
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(1). By making Z, purely resistive and Z, resistive and inductive as 
shown in Fig. 116. Here Z, consists simply of a resistor R, 
and Z, of a resistor R, in series with an inductor L,. We thus 
have 

Z,=R, 
and 
Z, = R, + joL, 


Substituting in (208) 


p= 7 


=P jose ow ee (209) 


This is of the form of expression (207). These two expressions can 
be equivalent only if their real and imaginary parts are equal. 
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Fig. 116—One circuit for aperiodic voltage feedback 
Equating real parts we have 
Kk, => ne até re ay (210) 
Equating imaginary parts 
K,C:Ra = L,/R, 


Substituting for K, from (210) gives the required value of inductor as 
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Le = RCiRa .-: ae oe = (211) 
Provided expressions (210) and (211) are satisfied, the feedback is 
aperiodic. 

As a numerical example suppose Rg = 2 kQ, C; = 25 pF and 
2m =8 mA/V. The internal gain of the amplifier at medium 
frequencies is given by 

Amt = &mRa 
= 8 x 10-3 x 2 x 10° 
= 16 
Suppose now aperiodic voltage feedback is to be applied to this 


amplifier, sufficient to reduce the gain to 8 at medium frequencies. 
From expression (202) the required value of £ is given by 


po” a 


16 


This gives us the ratio of R, to R, because as shown in (209) the 
value of 8 approximates to R,/R, at medium frequencies. Now 
R, is the resistance of the signal source and if we take this as being 
2 ka, R, is given by 


R, = 


= 16x2x 10°Q9 


= 32ko 
The required value of inductance is given by 
L, = R.C:Ra 
= 2% 10° K 25 x 10x 2 -& 10° 
= 100 pH 
(2). By making Z, purely resistive and Z, a parallel network of 
resistance and capacitance as shown in Fig. 117. For this circuit 
we have 
La = R, 
Ry 


41 = T+ jwO,R, 
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The feedback fraction is thus given by 
_ 42 
B oa Z, 
= F*(1 + jwCyRy) 
1 
== ae + JwC,R, oe ee ae (212) 
1 


which is of the same form as expression (207). Comparing the real 
parts of these expressions we have 


_ RR, 
k= R, (213) 
and comparing the imaginary parts 
RC, a RaCt 
from which 
_ RaCe 
ae % oa 3 oe (214) 


Provided the component values satisfy expressions (212) and (214), 
the feedback is aperiodic. 


Fig. 117—Another circuit for aperiodic voltage feedback 


If this form of feedback is applied to the amplifier of the previous 
numerical example we have Ra =2 kQ and C; =25 pF. As 
before, we will assume R, to be the internal resistance of the signal 
source which has a value of 2 kg. 
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We will assume the same degree of feedback is to be applied, as 
before, and hence K, = 1/16. Thus 


— Ra 

ae 

= 16x2x 10° 9 
= 32ko 
Substituting in expression (214) 


2 x 108 x 25 x 10-7?! 
se 32 x 103 — F 


Ry 


= 1-5 pF 


16.3 APERIODIC CURRENT FEEDBACK 


We will now determine the nature of a current-feedback circuit to 
give this same performance. For current feedback the feedback 
fraction is given by 


where Z, is the impedance of the anode load which, for the single- 
stage amplifier under consideration, is composed of Rg and C; in 
parallel. Thus 


= Ra 
Au 1 + jwC:Ra 
giving 
Zr : 
B= R, | +- jwCrRa) wee (215) 


Comparing this with the value of 8 required for aperiodic feedback 
we have 
_ Zk 

Ra 


which shows that the only condition to be satisfied is that Z, should 
be purely resistive. Thus if the valve is given an undecoupled 
cathode resistor Rx as shown in Fig. 118 the feedback is aperiodic. 
The value of the cathode resistor is given by 


Re=K,Rs .. «1 wee (216) 


As a numerical example we will calculate the value of Rz necessary 
to apply aperiodic current feedback to the single-stage amplifier of 
the previous two examples. 
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Fig. 118—A circuit for applying aperiodic current feedback to 
a single-stage amplifier 


It has already been established that K, = 1/16 and from (216) 
we have 
Ry = K,Ra 


2 IN 
16 


1250 


I 


16.4 CRITICAL VOLTAGE FEEDBACK 


This type of feedback extends the frequency response of the 
amplifier but does not change the form of the equation to the 
response. For example, the high-frequency response of a single- 
stage RC-coupled amplifier obeys the equation 


and by the application of critical feedback, the response is modified 
according to the equation 
’ Amf | K 2 

Anf 1 + jx/K, de, eg we (217) 
where K, is a real constant. Comparing these two equations we 
see that one effect of the feedback is to divide the numerator by K,; 
this, of course, expresses the reduction in gain due to feedback. In 
the denominator we note that x is divided by K,; this expresses the 
improvement in frequency response due to feedback because it is 
the coefficient of x which determines the rate of fall of the high- 
frequency response. 
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We shall now determine what type of circuit is necessary to apply 
critical feedback to a single-stage amplifier. 
From (205) the high-frequency gain is given by 


, Ang 

AS 
T+ AngB 
Substituting Ams/(1 + jx) for Ans we have 


— Ams| + jx) 
1 + AmsB/(1 + jx) 


es 

1 + jx + AmsB 

— _ Amg|(1 + Amsf) 

ar pd kee: 2 ee 


Anf = 


Comparing this with expression (217) we see that the condition for 
critical feedback is that 


K, = 1+ Ams 
which gives 
K, ras 1 
= ——- 5 se se 219 
par (219) 


K, and Ams are both real terms and hence 8 must also be real. In 
a voltage feedback circuit this can be obtained by use of a purely 
resistive feedback potentiometer as shown in Fig. 119. 
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Fig. 119—One circuit for critical voltage feedback in a single- 
stage amplifier 
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In this circuit we have 


and in the amplifier discussed earlier, in which Rg SOKO Ce = 
25 pF and gm = 8 mA/V we have that 


Rs | 


RR, 6. 
to give sufficient feedback to reduce the gain to 8. If, as assumed 
before, R, is the internal resistance of the signal source and is equal 
to 2 ka, R, is given by 


R, = 16 R, 
= 16x2~x 10° Q 
= 32kqQ 
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Fig. 120—Circuit for critical voltage feedback when the impedance 
of the signal source has a capacitive component 


If the source is a previous amplifying stage, its impedance is 
likely to consist of resistance in parallel with capacitance as indicated 
in Fig. 120. It is still possible, however, to obtain critical feedback 
by using a parallel RC network for the upper arm of the feedback 
potentiometer. In such a circuit the feedback fraction is given by 


where 
Zi = R,/d + joC,R,) 
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and 
LZ, 


R,/(1 an joC,R,) 


RAI + jwC,R) 
a EL. sl ~ 220 
P= Rid + joCaR,) oe 
This expression for 8 can be real only if the complex quantities in 
numerator and denominator are equal. This gives 


RC, =RC, .. «wee (221) 


and this is therefore the condition for critical voltage feedback. 

To give some indication of the practical magnitudes of the feed- 
back components suppose R, = 2 kQ and C, = 25 pF, the remain- 
ing parameters having the values quoted for previous numerical 
examples. The feedback fraction at low frequencies is given by 


Thus 


and as shown earlier this ratio must equal 1/16 to give a stage gain 
of 8, this corresponding to 6 db feedback. We thus have 


R, = 16 R, 
= 16x2x 10° © 
= 32kqa 
From (221) 
RC 
CSS 
1 R, 


Substituting for C,, R, and R, 


Cy, = a 


Il 

an 
AS) 

y 


16.5 CRITICAL CURRENT FEEDBACK 
For critical current feedback we have 


_ 2k 
B — Zr 
where Z, is the load impedance and is given by Rg/(1 + jwC:Ra). 
The feedback fraction can be real only if Z; is also made up 
of resistance and capacitance in parallel as in Fig. 121. If Z, con- 
sists of Ry and Cz in parallel we have Z, = Rz/(1 + jwC,Rx) and 
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— Rel + joCrRa) 
B= Ral + joCeRx) a 


This expression is of the same form as (220) and the condition for 
B to be real is that 
ReCr = RaCt - — a oe (223) 


i.e., the time constant of the cathode circuit should equal that of the 
anode circuit. 
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Fig. 121—Circuit for critical current feedback 


We will determine the values of Ry and Cy required to give critical 
feedback in the single-stage amplifier of earlier examples. The 
feedback fraction at low frequencies is 1/16 to give a gain of 8 and 
hence 

Rx 1 

Ra 16 
from which 

Rp = 7% 


From (223) 
Ce Sa 


2 x 10° x 25 x 10°" 5 
125 


= 400 pF 
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16.6 MAXIMAL VOLTAGE AND CURRENT FEEDBACK 


This form of feedback gives a maximally-flat frequency response, 
i.e., one having an equation with only a single term in frequency. 
Now the frequency response of a single-stage RC-coupled amplifier 
is maximally flat without feedback. This follows from expression 
(17) which may be written in the form 
2 


Amp" _ 4 4. x2 a ee 02) 


Ang 


which contains only one frequency-dependent term. 

It does not follow from this that there is no point in applying 
maximal feedback to such an amplifier. Such feedback is still 
worth while because it can be designed to reduce the coefficient of 
x? in expression (224) which improves the frequency response. 
This can be shown in the following way. From expression (217) 
the external high-frequency gain of a single-stage RC-coupled 
amplifier with feedback is given by 

Ams|K 


OH ETS aK 


where K = (1 + AmsB). Now Amz/K = Ams’, the medium-frequency 
external gain, and thus we have 


Amf’ __ jx 

Ae eR 
from which 

Ams? _ x? 


Provided K is real, this is the equation to a maximally-flat curve. 
For K to be real, 8 must be real and this is the condition required 
for critical feedback. This can also be inferred from examination 
of expressions (224) and (225); both are of the same (maximally- 
flat) form differing only in the value of the coefficient of x. Applica- 
tion of maximal feedback has not then changed the form of the 
equation to the response and this is, by definition, critical feedback. 
For a single-stage RC-coupled amplifier therefore the conditions for 
maximal feedback are also those for critical feedback; this is not 
true, however, for an amplifier with more than one RC-coupled 
stage. 


16.7 OPTIMAL VOLTAGE FEEDBACK 


This form of feedback extends the frequency response to the 
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maximum degree and gives a response with an equation having no 
frequency-dependent terms. 
Under the section on critical feedback it is shown that 


— ___ Amp 
1+ yx + AmgB 
for a single-stage RC-coupled amplifier with feedback. To obtain 
optimal feedback it may be necessary to employ a complex value of 
B and thus we may put 
pS ase Jy 


where a is the real component and y the frequency-dependent com- 
ponent of the feedback fraction. Substituting for 8 in (226) and re- 
arranging 


Ang’ (226) 


A ' : 
a = 1+ jx + Ams(e + Jy) 
hf 


= (1 + Ampo) + JX + Amry) 
‘Amg * 


gr = CL + Amp)? + (% + Amp)? 
Ang 


in which the first term is real and the second term frequency- 
dependent. The condition for optimal flatness is that the second 
term should be zero, i.e., 


giving 
soy se oe 
Y Ain 
Substituting x = w/w. = wRaC; and An, = ZR, we have 
pee ae HOD 
km 


Thus the feedback fraction required for optimal flatness is of 
the type 


B = (a —jwCi/gm)  «. ‘si .. (228) 


in which a determines the medium-frequency gain according to 
the expression 


It is clear from this that if a is put equal to zero, the external gain 
becomes equal to the internal gain, i.e., feedback of this type does 
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not reduce the gain of the amplifier. Putting a = 0 in (228) 


Be gus, wk, ODD) 
&m 
and if this form of feedback is applied to an amplifier, there will 
be no effect on medium-frequency gain which remains at gmRa and 
the high-frequency gain is also made equal to gmRa up to (theoreti- 
cally) an infinite frequency. 

To apply optimal voltage feedback we must so choose the nature 
of Z, and Z, in Fig. 114 (a) that the feedback fraction Z,/Z, is of 
the form of expression (228). This can only be achieved by using 
a negative capacitance for Z, (Z, being resistive) or a negative 
inductance for Z, (Z, being resistive). It may be thought that an 


OHT + 


oe ee 


Fig. 122—One circuit for optimal voltage feedback 


inductor behaves as a negative capacitor but this is not true because 
the reactance of an inductor is proportional to frequency whereas 
that of a negative capacitor is inversely proportional to frequency. 
For a similar reason a capacitor cannot be used as a negative 
inductor. 

The effect of a negative capacitor can, however, be obtained if 
the feedback voltage is derived not from the anode of the RC- 
coupled amplifier itself but from some point in the following stage 
where the signal voltage is in antiphase to that at the anode. One 
suitable circuit is that shown in Fig. 122. In this R, and R, 
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constitute the feedback potentiometer, and C, (shown dotted) is 
the required negative capacitance connected between anode and 
grid of V1. The effect of C, is, in fact, provided by the capacitor 
C, connected between the anode of V2 and the grid of V1, the 
signal at V2 anode being in antiphase to that at V1 anode. 

If in Fig. 122 C, is made equal to the required negative capacitance 
(C,.), the gain of V2 need only be slightly greater than unity to give 
the required feedback; the frequency response of V2 then hardly 
affects the overall performance of the amplifier. If, however, C, 
is made smaller than C,, V2 must have appreciable gain to give the 
desired performance and the high-frequency response of V2 begins 
to have an effect on the overall response. 

The required values of R,, R, and C, can be determined in the 
following manner. From Fig. 122 the value of £ is given by 


in which Z, is composed of R, and C, in parallel and Z, consists 
simply of R, 
g — Rill + joCaRy) 
: R, 


 oCiRa- ca ws. -3e%030) 


pee, ee eh; y. te 8) 


(232) 


As a numerical example we will calculate the values of R,, Re 
and C, necessary to apply optimal feedback to the single-stage 
amplifier of earlier examples. To reduce the gain to 8, it has been 
established that a = 1/16. Hence from (231) 


If R, is taken as 2 ko 
R,=16x2 x 10°09 


= 32 ka 
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Putting 9m = 8 mA/V and C; = 25 pF in (232) 
wt eee OC oe 
8 x 107% x 2 x 108 
= — 1:5 pF 


C.= F 


If V2 has a gain of unity, therefore, C, should be approximately 
1-5 pF. 

If the feedback is required to have no effect on the medium- 
frequency gain it is necessary to make a =0Q. As shown in 
expression (231) this can be achieved by omission of R,, which is 
equivalent to making R, infinite. This does not affect the value 
of C, required for optimal flatness. 

The feedback provided by R, and R, is negative because it is 
derived from the anode of V1 where signal voltages are in antiphase 
with those at the grid. The feedback provided by C, at high 
frequencies is positive, because the signal voltage at V2 anode is 
in phase with that at V1 grid. It is therefore necessary to guard 
against the possibility of continuous oscillation if C, is greater 
than the value necessary for optimal flatness. If R, is omitted, 
this circuit is identical with that of an anode-coupled multivibrator 
(see Volume III) in which the degree of regeneration is insufficient 
to cause oscillation. 

As shown by the calculation above, the value of C, for optimal 
flatness is very small and is difficult to manufacture with accuracy; 
thus the danger of instability is a very real one. The risk can be 
reduced, however, by use of the alternative circuit shown in Fig. 123. 
‘In this circuit the resistive potential divider is connected, as before, 
between anode and grid of V1. C., shown dotted, is the negative 
capacitance required between anode and grid to give optimal 
feedback. In this circuit the positive feedback voltage is applied 
to the cathode circuit of V1 and must hence be obtained from 
a voltage source in phase with V1 anode potential. It cannot be 
obtained by connecting a capacitor between anode and cathode of 
V1 for such a capacitor would behave as a capacitive load on the 
valve; it is obtained instead from a cathode follower fed from V1 
anode. There is no need to introduce a cathode follower purely 
for the purpose of providing feedback. It is customary to use a 
cathode follower as the final stage of a video-frequency amplifier 
in order to give the amplifier a low output impedance which matches 
the characteristic impedance of a cable; this follower can be used 
to supply feedback in addition. Although the positive feedback 
voltage is generated across a resistor in the cathode circuit of V2, 
this is not an example of current feedback. In effect V2 provides 
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at its cathode a copy of the voltage at V1 anode (but with a low 
source resistance) and the circuit thus provides voltage feedback. 

The advantage of this circuit over that illustrated in Fig. 122 is 
that the value of C, required to give optimal feedback is larger 
and can therefore be more accurately adjusted to the desired value. 
The capacitance value required can be calculated in the following 
way. 


OHT+ 


Fig. 123—A more convenient circuit for optimal voltage feedback 


Fig. 123 contains two separate feedback potentiometers, namely 
R,R, and C,Rx. The first-mentioned provides negative feedback 
according to the expression 


1 Rs 
oR 
and the second positive feedback according to the expression 


ee 
Y Re + 1fjwoC, 


Rx is generally small compared with 1I/jwC, and this may be 
simplified to 


y = — JoC,Re 
Thus the feedback fraction is given by 
ae Fi joCiRe ee (233) 
1 


which corresponds with expression (228) for optimal feedback. 
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Equating the coefficients of the j-terms in these two expressions 
we have 


Ct 
R,C, = — 
ke 1 Lan 
giving 
Ct 
CS 
: 2mRt 


If Cy = 25 pF, gm = 8 mA/V and Rz = 150 Q, the value of C, is 
given by 


Aint 
1°” 8 x 10-3 x 150 
= 21 pF 


a more convenient value than the 1-5 pF required for the previous 
circuit. In practice it is likely that C, would be made variable and 
adjusted on test to give the desired frequency response. 


16.8 OPTIMAL CURRENT FEEDBACK 


To obtain optimal flatness by means of current feedback in a 
single-stage amplifier, the feedback fraction Zz/Z, must be of the 
form given in expression (228). 


Thus 
Ze _ , Jet 
Z, &m 
But Z, is composed of Rg and C; in parallel 
Ra . JoC: ) 
“. Ze — 
ee 1+ joC+Ra (« 2m 


This expression is of the general type (A — jwB)/(C + jwD) where 
A, B, C and D are constants and it is extremely difficult to devise 
a network with an impedance of this form. Optimal flatness is 
therefore normally obtained by use of voltage feedback. 


16.9 NEGATIVE FEEDBACK AT LOW FREQUENCIES 


We shall now deduce the conditions necessary to give various 
types of feedback at low frequencies in a single-stage RC-coupled 
video-frequency amplifier. It is assumed that the low-frequency 
response is controlled entirely by the grid capacitor Cy and grid 
resistor Rg, a practical assumption because losses at low frequencies 
due to cathode and screen circuits can be minimised by the methods 
discussed earlier. 
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From expression (139) the internal gain Ay of the amplifier at 
low frequencies can be written 


Ane = —omRaRo _ 
a Rg + I[jwCg 


_ __ Amr ; 

=e tyacer, ae .. (234) 
in which the negative sign indicating phase reversal between grid 
and anode circuits has been omitted for the reasons given at the 
beginning of Chapter 15. If wy = 1/RyC, expression (234) may be 
written 


Amf 
ApS 2S 
x 1 + agljw 
and if y is substituted for wg/w we have 
Aye — Ad 
i ees ey i bs “ = (235) 


Since w, is constant for given values of Ry and Cy, the variable y 
is inversely proportional to frequency. 

Expression (235) is similar to expression (16) for the high-frequency 
performance with —y substituted for -+x and, subject to this 
substitution, the conditions deduced for feedback at high frequencies 
also hold for low frequencies. For this reason the subject of 
feedback at low frequencies will not be treated here in detail; the 
necessary calculations can be made using the basic principles 
already described. We shall, however, give one example of such 
a calculation, and this is the determination of the form of feedback 
circuit needed to give maximal feedback in a single-stage amplifier. 

The circuit required to give maximal feedback also gives critical 
feedback in a single-stage amplifier and both have the effect of 
producing an external gain defined by 


Se, 2. ta. sae 
(see expression 217). The internal gain is given by 
_ Ams 
ny 


In general the external gain of any amplifier is given by expression 
(205), i.e. 
; Aig 
Ay Sa 
41+ AyB 
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Substituting for Ai from (235) 


_ __ Ams — Jy) 
1 + Am B/(1 — Jy) 


— Amt are, 
1 — jy + AmB 


Ams|Q_ + AmB) 


A 


~ 1 —fy/ + AmsB) 


Comparing this with (236) we see that the condition for maximal 
feedback is that 


which gives 
K-11 
ae 


Fig. 124—A critical-feedback circuit which increases input and 
output impedances 


K and Amy are both real terms and hence 8 must also be real. This 
derivation follows precisely that given on p. 229 for feedback at 
high frequencies. Such a value of 8 can be obtained in a voltage 
feedback circuit by use of a purely resistive feedback potentiometer. 
In a current-feedback circuit 8 is given by Zyz/Z, and at low fre- 
quencies Z, is equal to Ra, the shunting effect of C; being negligible. 
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Thus maximal feedback at low frequencies is obtained with a purely- 
resistive cathode circuit. 

Maximal feedback at low frequencies requires a real value 
of 8. This is also the condition required to give maximal feedback 
at high frequencies and thus a purely-resistive feedback potentio- 
meter will give maximal feedback at both extremes of the band. 

Some of the circuits described in this chapter employ parallel- 
connected feedback and others series-connected feedback. For 
example Fig. 119 shows a circuit with parallel-connected critical 
feedback; such feedback has the effect of decreasing the input 
and the output impedances. If this decrease is undesirable, critical 
feedback can be alternatively obtained by series-connected current 
feedback which has the effect of increasing both input and output 
impedances. The circuit is given in Fig. 124 which differs from that 
shown in Fig. 121 in that the grid resistor is returned to a tapping 
point on the cathode resistor. 
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CHAPTER 17 
FEEDBACK IN MULTI-STAGE AMPLIFIERS 


17.1 INTRODUCTION 


FEEDBACK is more effective in improving linearity and extending 
frequency response as the internal gain of the amplifier is increased. 
Thus feedback applied over a multi-stage amplifier is more useful 
than that applied to a single-stage amplifier. We shall now discuss 
the nature of the feedback circuit required to give maximal and 
optimal flatness of frequency response in multi-stage amplifiers, 
using the methods of the previous chapter. For simplicity we 
shall deal first with a 2-stage amplifier, and will deduce the nature 
of the feedback circuit required to give the required response at 
high frequencies. As we have seen, such a circuit will, in general, 
also produce maximal flatness at low frequencies. 


17.2 MAXIMAL FEEDBACK IN A 2-STAGE AMPLIFIER 


Consider an amplifier containing two similar RC-coupled stages. 
The internal gain Any, of each stage is given by 


== Amp 
Anf, = 1 + jx os a H .. (237) 
in which Ams, is the medium-frequency internal gain and x is equal 
to wC;Ra as before. The internal gain Ans, of the complete amplifier 
is thus given by 
(Amz vp? 


Ae Of BF 


Amp 
= to. ” 28 .. (238 

(1 + jx)? a) 
where Ams, is the medium-frequency internal gain of the amplifier. 
The external high-frequency gain is given by the general expression 
(205) namely 


Anes? = Ante 


In this Ang, is defined by (238) and f, the feedback fraction, will 
probably need to be complex and can thus be replaced by (a + jy). 
244 


FEEDBACK IN MULTI-STAGE AMPLIFIERS 
Making these substitutions we have 
Ag rne AEB 
PRD + Ampala + jy) +x)? 


A : 
GM = (+B)? + Amgala +H) 


=1—-x + Amf 24 + j(2x Sa yAmf 2) 


A 2 
ous ri = (1 — Dae Amf2°)? + (2x + yvAmg 2)” 
hfe 
== (1 +Amypo)?+4 xy Amfo-+ 2x*(1 —Amp.a)+y7A mg 2” 
+-x4. (239) 


Of these five terms all except the first are frequency-dependent, 
i.e., contain x ory. The condition for maximal flatness of frequency 
response is that there should be only a single term in frequency. 
This is usually chosen to be the term containing the highest power 
of frequency, the last term in expression (239). Maximal flatness 
is thus obtained by arranging for the second, third and fourth 
terms to cancel and the relationship to be satisfied is 


Amg 22y? + 4xyAmpe + 2x71 — aAmpz) =O  .. (240) 
Solving this quadratic equation for y we have 
_ ext xv [21 + aAmy al .. (241) 
Amt 2 
The feedback factor, for maximal flatness, is thus given by 
Boats tv EO be dow )la=2e (242) 
mf 2 


A feedback fraction of this nature is obtained with a potential 
divider, the upper arm of which consists of resistance (R,) and 
capacitance (C,) in parallel, the lower arm consisting of resistance 
(R,) only. Fig. 125 shows such a potential divider used in a 
2-stage RC-coupled amplifier. 

Unless R, is of a high value it will be necessary to include a 
blocking capacitor C, to avoid d.c. flowing in R, from the h.t. 
supply. Such a capacitor is no disadvantage at high frequencies 
because it can be made large enough for its reactance to be negligible 
in comparison with R,. It is, however, impossible to make the 
reactance of C, negligible at low frequencies without using a 
prohibitively large capacitance. This difficulty is usually solved by 
omitting C, and obtaining feedback from a cathode-follower output 
stage; the circuit is given later. 
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OHT— 


Fig. 125—Two-stage video-frequency amplifier with maximal 
voltage feedback 


For the circuit of Fig. 125 we have 
R, 


ae oe 
Bar Tae joes 


But R, is in general small compared with R,/(1 + jwC R,) and 
thus we have 


R,z . 
B= Ril tjoCR).. .. .. (243) 


which is of the same form as (242). Equating real parts we have 
_R: 
=R. 
Equating imaginary parts 

wC,Ry= x4/[2(1 + aAmp2)]— 2x 

Amf 2 
Substituting wC;Ra for x, R,/R, for a and gm?Ra? for Amp, we have 
Cae VI2C. + &m?*Ra?R 2/Rx) |— 2 
: . 8m? RaR 2 . 


which gives the value of C, necessary for maximal flatness. 
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The circuit of Fig. 125 sometimes requires an inconveniently-small 
value of C,. This is an indirect consequence of the fact that R, 
is effectively in parallel with Ra, the anode load resistor of V2. 
R, cannot be less than the optimum load of V2, say 2 kQ and to 
give a reasonable degree of feedback the ratio R2/R, may be of the 
order of 1/20 giving R, as 200 Q. Substitution in (245) shows that 
C, should be approximately 2 pF for maximal flatness. 

This difficulty, as well as that of the blocking capacitor C,, can 
be avoided by connecting the feedback potential divider across the 
output of a cathode follower stage V3 which is fed from V2 anode. 
Such a stage is often used to give a video-frequency amplifier a low 
output impedance and it has the advantage of isolating the feedback 
circuit from V2 anode, thus permitting the use of reasonable values 


R 


Fig. 126—Two-stage RC-coupled amplifier with output and 
feedback from a cathode-follower stage 


of capacitance in the feedback network. Typical practical com- 
ponent values are calculated in the following numerical example. 

Suppose gm = 8 MA/V, Ra =2 kQ and C; = 25 pF. The internal 
stage gain is 16 and the overall internal gain approximately 250. 
We will calculate the component values required to give an external 
gain of 10, in the circuit of Fig. 126. 

The required external gain is small compared with the internal 
gain and is given approximately by 1/8. Thus 1/8 = 10 giving B as 
1/10; and the arms of the feedback potentiometer are related by 


R,~ 10R, 


In such a circuit R, can be as low as 300 0, making R,30Q. The 
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value of C, can be calculated from expression (245) by substituting 
for 2m, Ra, R,, R, and C;. We have 


ee 55 V2. + 250/10)] — 2 F 


10-4 <2 x 108 x 30 
= 25 V82) —2 pg 


= 25 x = pF 


= 21-6 pF 


17.3. INSTABILITY IN MULTI-STAGE FEEDBACK AMPLIFIERS 


The methods used to calculate the component values in single- 
and two-stage feedback amplifiers could be applied to amplifiers 
with more than two stages but the calculation is somewhat tedious. 
Moreover when two or more stages are included within a feedback 
loop there is a tendency for oscillation to occur at a frequency 
outside the passband. Even if oscillation can be avoided, the 
response curve may have an undesirable rise towards one or both 
ends of the passband. These effects usually occur at the low- 
frequency end of the passband because there are more sources of 
phase shift at such frequencies than at the high-frequency end. To 
reduce these effects, feedback is not usually applied over more than 
two stages and, in an amplifier containing numerous stages, feedback 
is applied in a number of separate loops, each embracing only two 
stages. This method has the advantage that the component values 
required for, say, maximal feedback can be readily calculated; it 
also simplifies the detection of faults in the amplifier. 

Even in a two-stage amplifier, however, the possibility of oscilla- 
tion due to feedback still exists and must be minimised. The 
instability can arise whenever there are three or more RC or RL 
circuits in the chain comprising amplifier and feedback circuit. 
For example, there may be one RC-coupling circuit between V1 anode 
and V2 grid, a second in V2 cathode circuit and a third (constituting 
the feedback circuit) between V2 anode and V1 cathode. Although 
phase shift may be very small over the passband, at frequencies 
much lower than the field frequency these circuits all introduce 
phase shift, and, if this totals 180°, the feedback voltage is in phase 
with the signal at the point of introduction of the feedback voltage. 
Such feedback is positive and increases the gain of the amplifier, 
causing oscillation if the feedback voltage is large enough. Whether 
oscillation occurs depends on the overall gain of amplifier and feed- 
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back circuit (known as the loop gain AB). It will occur if the loop 
gain exceeds unity at the frequency of 180° phase shift. Such 
oscillation is likely to occur if the RC circuits have approximately 
the same time constant, because in such circumstances 180° phase 
shift is obtained for a small value of attenuation. The attenuation 
can be increased, thus decreasing the likelihood of oscillation, by 
making the time constants of the RC circuits as different as possible. 
For example an RC circuit giving 60° phase shift has an attenuation 
of 6 db (as shown in Fig. 85); three such circuits thus give 180° 
phase shift and 18 db attenuation. If the time constants can be so 
adjusted that, at this same frequency, one circuit has 35° phase 
shift, the second 60° and the third 85°, the overall phase shift is 
still 180° but the attenuations are now 2 db, 6 db and 21 db respec- 
tively making a total of 29 db, 11 db greater than before. Thus by 
choosing the time constants appropriately it is possible to avoid 
instability due to feedback; the condition required is that 180° phase 
shift occurs at a frequency for which the RC circuit with the shortest 
time constant gives enough attenuation to reduce the loop gain to 
less than unity. 

This emphasises the need for elimination of RC circuits whenever 
this is possible and preceding chapters give some of the methods 
used for this purpose in amplifiers. In addition, however, it is 
desirable to eliminate time-constant circuits from the feedback 
network. This is usually achieved by use of direct coupling from 
a cathode-follower output; an example is given in Fig. 126. Although 
there is an RC circuit in the feedback network of Fig. 126 the values 
are chosen to have no effect at low frequencies; the capacitor C, is 
in fact included to give maximal feedback at high frequencies. By 
use of this direct coupling phase shift is avoided at low frequencies 
and in fact feedback is effective down to zero frequency. 

Instability may also occur at high frequencies when feedback is 
applied to a video-frequency amplifier and may be avoided by 
methods similar to those used at low frequencies. The RC circuits 
controlling the phase shift of the amplifier at high frequencies are, 
of course, those formed by the anode-load resistors and the associated 
shunt capacitance. These time constants should be dissimilar to 
minimise the risk of instability; thus in a two-stage amplifier it 
is preferable to use anode load resistors of 1 kQ and 4 kg rather 
than equal resistors of 2 kQ. As suggested in the next few para- 
graphs, it is preferable to make the high-value resistor the anode load 
of the first valve rather than that of the second. 


17.4 OVERLOADING OF FEEDBACK AMPLIFIERS 
One of the properties of feedback amplifiers which must be 
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allowed for during design is that the largest input signal which can 
be accepted without overloading is smaller when the rise time is 
small than when it is large. To quote typical figures, an amplifier 
may accept a 2 V signal with a rise time of 0-5 sec but only 1 V 
when the rise time is 0-1 psec. This happens because the feedback 
voltage, having travelled through the amplifier and the feedback 
circuit, has a rise time appreciably longer than that of the initial 
input signal and cannot arrive in time to limit the input to the 
first valve to a value acceptable by this valve without overloading. 
If under steady-state conditions the external input is, say, 10 V 
amplitude and the feedback voltage 9 V, the grid-cathode signal of 
the first valve is of 1 V amplitude. If the 10 V signal builds up to 
its final amplitude very rapidly, the feedback voltage may be unable 
to keep up with it and for a brief period following every input- 
voltage change, the valve may receive an abnormally large input. 
This momentary signal may be large enough to cause grid current 
or anode current cut off, either of which cause severe distortion of 
the output signal. 

This effect disappears if the external input signal is reduced to 
1 V amplitude because the valve can handle this even in the absence 
of feedback. It also disappears if the rise time of the input signal 
is increased until the feedback voltage can follow the input signal 
fairly closely, because the difference between them is never large 
enough to overload the valve. If the input signal has a rise time 
short compared with that of the amplifier and feedback circuit, the 
magnitude of the largest amplitude which can be accepted without 
distortion decreases as the rise time is reduced. 

In the preceding argument it was assumed that overloading 
occurred in the valve to which the feedback voltage is applied. These 
are the conditions in a single-stage feedback amplifier but there are 
additional factors to be taken into account in a two-stage amplifier. 
In such an amplifier, as in any multi-stage amplifier, overloading 
usually occurs in the later stages because of the greater amplitude of 
the signals there. Thus in a two-stage amplifier the second stage is 
likely to overload before the first; this is true in the absence of 
feedback and irrespective of the time constants used. 

When feedback is applied, the relative size of the anode time 
constants affects the overloading characteristics. If the rise time of 
the amplifier and feedback circuit is larger than that of the input 
signal, V1 will receive momentary abnormally-large signals as 
explained above and these will tend to overload V2. Whether V2 
does overload or not depends on the allocation of time constants 
between V1 and V2 anode circuits. If V1 anode has a short time 
constant and V2 anode a large one, signals at V1 anode have a 
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rapid build up and V2 anode potential will have difficulty in follow- 
ing them; V2 is thus likely to overload. On the other hand if V1 
anode has a large time constant and V2 anode a short one, signals 
at V1 anode are comparatively slow in build-up and V2 anode poten- 
tial is able to follow them; V2 is thus unlikely to overload. To 
minimise overloading difficulties therefore, it is preferable to have 
the larger time constant in the anode circuit of the first valve. 

To conclude this chapter we shall give two circuits of video- 
frequency amplifiers with feedback and will point out the methods 
adopted in their design to obtain the desired performance. 


17.5 VIDEO-FREQUENCY AMPLIFIER WITH MAXIMAL FEEDBACK 


The circuit of the first of these amplifiers is given in Fig. 127; 
it has two RC-coupled amplifying stages V1 and V2 preceding a 
cathode-follower output stage. There are no series or shunt 
inductors in the amplifier but the response is made level up to 
10 Mc/s by maximal feedback. This is applied by the com- 
ponents R;, Rg, Ry2, Ry3, and C, which form a potential divider 
of the type required for maximal feedback. The feedback fraction 
is given by 


| eee Sc 
Ry + Re + Riz + Rig 
Substituting component values 
[es 22 ae 
~ 10 + 22 + 82 + 220 
ate 
~ 334 


-_ Ja imatel 
= jo approximately 
The internal gain of this amplifier at medium frequencies is probably 
of the order of 250, i.e., approximately 16 per stage and this value of 
B represents a large degree of feedback. The danger of low-frequency 
oscillation is prevented by eliminating as far as possible RC net- 
works with large time constants and by making the time constants 
of those which remain markedly different. For example there are 
no RC networks in the screen-grid circuits of any of the valves, the 
screen grids being connected to h.t. positive via 47 Q resistors 
(included to suppress parasitic oscillation). Similarly there are no 
RC networks in any of the cathode circuits. The cathode circuits 
of V1 and V3 are purely resistive and the cathode of V2 is bonded 
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Fig. 127—A video-frequency amplifier with maximal feedback 
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directly to h.t. negative, grid bias being supplied from an external 
source. Only two RC circuits are present, namely the inter-valve 
coupling circuits R,C, and RyC3. The first of these has a time 
constant given by 


R,C, = 470 X 10% X 0-25 x 10-§ sec 
= 120 millisec approximately 
and the second has a time constant given by 
RyC3 = 69 X 103 x 0-05 X 10-8 sec 
= 3-5 millisec 


These are in the ratio 34 : 1, sufficient to avoid low-frequency 
oscillation. 

The large degree of feedback ensures a good low-frequency 
response but there is an RC network (R,C,) at the input of the 
amplifier, apparently outside the feedback loop, and it is interesting 
to consider the effect of this on the amplifier performance. In 
fact the feedback does have an effect on the time constant of this 
network, because R, is returned to a tapping point on V1 cathode. 
circuit. .R, thus behaves as a component with many times its real 
resistance and the effective time constant is larger than its apparent 
value of 0-47 second (C,; = 1 uF; R, = 470 kQ). This effective 
multiplication of the value of R, is, of course, another method of 
expressing the increase in input resistance of V1 caused by the 
series-connected voltage feedback of the amplifier. 

The value of C, required to give maximal feedback can be cal- 
culated as illustrated on p. 247, where a value of 21-6 pF was 
obtained for an amplifier very similar to that under examination. 
The value of C, used in this amplifier is 23 pF. 

This amplifier has so much feedback that it is possible to state its 
gain by inspection of the component values of the feedback circuit. 
These components give 8 as approximately 1/10 and thus the gain 
is 10. 


17.6 VIDEO-FREQUENCY AMPLIFIER WITH MAXIMAL AND OPTIMAL 
FEEDBACK 


Fig. 128 gives the circuit of a four-stage video-frequency amplifier 
with two feedback circuits, one giving maximal feedback and the 
other optimal feedback. The circuit is basically similar to that of 
Fig. 127 with maximal feedback derived from V3 cathode and 
applied to V1 cathode; this feedback is in effect derived from V2 
anode, V3 behaving as a cathode follower and giving a copy at its 
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Fig. 128—A video-frequency amplifier with maximal and optimal feedback 
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cathode of the voltage applied to its grid. In addition, however, 
V3 is used as a gain stage having an anode load resistor Ry, which 
feeds the output cathode follower V4. The feedback from V3 
cathode circuit does not, of course, compensate for the falling high- 
frequency response due to R,, and the associated stray capacitance 
C, (shown dotted) or the falling low-frequency response due to the 
coupling components R,, and C,. 

The high-frequency response is corrected by optimal feedback 
applied by means of the capacitor C; from the cathode of V4 to the 
cathode of V1. The signal at V4 cathode is of the same phase as 
that at V3 anode which is phase-reversed with respect to that at 
V3 cathode. Thus the signal at V4 cathode is in the right phase to 
provide optimal feedback via C;. The capacitance of C; depends 
on the value of R,,, decreasing as Ry, is increased. By correct 
choice of the value of C,; the frequency response of V3 and of the 
whole amplifier can be maintained level up to 10 Mc/s for values of 
R,, up to 1 kQ and to 5 Me/s for values of R,, up to 3:3 ka. 

The low-frequency response of C, and R,; is made good by using 
a large time constant (C,R,; = 0-47 sec) which is effectively 
multiplied to a much greater value by feedback due to the un- 
decoupled cathode resistor R,,. If we assume V4 to have a mutual 
conductance of 8 mA/V and R,, is 1 kQ, the time constant is 
effectively increased 9 times to over 4 sec, as shown by the expression 
derived in Appendix J of Chapter 10. 
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PART V: NOISE IN VIDEO-FREQUENC Y 
AMPLIFIERS 


CHAPTER 18 


SOURCES OF NOISE 


18.1 INTRODUCTION 


IN the preceding sections of this book we have taken no account of 
the noise which is always present in video-frequency amplifiers. 
We have, in fact, assumed that the video signal is large compared 
with noise in all stages of the amplifier. This is true of the video- 
frequency amplifiers used in the later links of the television chain 
but does not apply to amplifiers at the beginning of the chain. 
Amplifiers fed from the output of a camera tube, for example, have 
a small input voltage which may not be large compared with the 
noise introduced in the early stages of the amplifier and by the 
components coupling the tube to the amplifier. Very careful 
design is necessary to preserve a good signal-noise ratio in these and 
other amplifiers which have small inputs. In this section we shall 
illustrate some of the methods used to minimise the effects of noise 
but will first show how the magnitude of noise voltages and currents 
may be calculated. 

Noise may arise from numerous sources; it can occur as a result 
of induction from leads or heaters carrying mains-frequency currents 
and from valve microphony when the amplifier is moved. Noise 
from these sources can, however, be practically eliminated by careful 
design and choice of valves. Far more troublesome is the noise 
due to thermal agitation in conductors (Johnson noise) and to 
electron streams in valves and camera tubes (shot effect). 


18.2 THERMAL OR JOHNSON NOISE 


The free electrons in a conductor are in constant movement and 
the rapidity of movement increases as temperature is raised. If 
there is no voltage to cause a drift of electrons in a particular direc- 
tion, the number of electrons passing any given point in a conductor 
in any direction equals the number passing the point in the opposite 
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direction. Although this is true in general there can be momentary 
surfeits or deficits of electrons at particular points in a conductor. 
This implies that there are varying voltages in the conductor and 
these, if amplified and reproduced by a loudspeaker, have the 
sound of a smooth hiss. If such noise voltages occur in a video- 
frequency amplifier and are reproduced together with a picture on 
a cathode-ray tube they give rise to spurious items of detail on the 
screen. As suggested by the previous few paragraphs, thermal noise 
increases with temperature. This is indicated in the following 
expression for the r.m.s. noise voltage in a conductor. 


Vn? = 4RKTAS tee (246) 


where R is the resistance of the conductor, 
k is Boltzmann’s constant = 1-374 x 10-23 Joule per °C, 
T is the temperature of the conductor in degrees absolute, and 
A fis the passband over which the noise is measured. 


Substituting for k and putting T equal to 290° (equivalent to 17° C 
or approximately 63° F, i.e., average room temperature) we have, 
taking the square root of expression (246), 


Vn = 1:25 X 10-2%/(RAS) volts .. (247) 


showing that the noise voltage for a given bandwidth is proportional 
to the square root of the resistance. 

Thus the noise voltage developed between the ends of a 10 kQ 
resistor over a passband of 3 Mc/s is from (247) given by 


Vn = 1:25 xX 10-29 x 4/(104 X 3 X 108) 
2-165 x 10-5 V 
21-65 pV 


I 


18.3 SHoT NOISE 


In an electronic tube or valve the number of electrons passing a 
given point in the emission or beam from the cathode varies slightly 
from instant to instant although the current, averaged over an 
appreciable period, may be constant. These minute variations 
constitute a noise current of magnitude 


Ds" = 2TaeA f ate ‘2 ee ais (248) 


where Ins is the r.m.s. noise current, 
I, is the average value of the electron stream, 
e is the charge on an electron, 


and Af is the bandwidth over which the noise is measured. 
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Substituting the value for e gives the noise as 
Tag — 5:45 x 10-*\ “Ua AS) pA = (249) 


This expression holds only for a saturated valve, i.e., one in which 
all the electrons liberated from the cathode are collected by the 
anode. Fora triode as commonly used for amplification, the anode 
current is limited by space charge and the noise current is approxi- 
mately 2/3rds that given by expression (249). 

As an example the noise produced by a space-charge limited triode 
consuming 10 mA and within a 3 Mc/s bandwidth is from (249) 
given approximately by 


Ing = 0°67 X5-45 X 10-4 X V/(10 X 10-3 X3 X 109A 
= 0-063 pA 


and if the valve has an anode load of 2 kQ, the noise due to shot 
effect, developed across it is given by 2,000 x 0-063 = 126 LV. 


18.4 EQUIVALENT NOISE RESISTANCE 


From expression (249) the shot-noise current is proportional to 
the square root of the current and the bandwidth; thus the noise 
voltage produced across the anode load Z, due to shot effect in a 
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Fig. 129—Equivalent noise resistance of a valve 


valve is proportional to Za./(aA f). It is convenient to regard this 
noise as due to thermal agitation in a fictitious resistor connected 
between the grid and cathode as shown in Fig. 129; this resistor is 
known as the equivalent noise resistance, Rn. 
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From (247) the Johnson noise voltage produced by such a resistor 
is proportional to +/(RrA f) and, if the valve gainis gmZa, the amplified 
noise appearing in the anode circuit is proportional togmZav/(Rn/ S). 
Thus 

&mZav (RrLf) x Zav Ia f) 


from which Ry is proportional to Jy/gm?. Thus to obtain a low value 
of shot noise, that is a low value of equivalent noise resistance, a 
valve is required to have a low value of anode current and high 
mutual conductance. Special triodes with such properties have 
been developed for use in amplifiers where the signals are of very 
low amplitude. 


18.5 PARTITION NOISE 


In general, triodes give less shot noise than tetrodes or pentodes 
with the same gain and for this reason are often used instead of 
pentodes in the first stage of a camera head amplifier. The superiority 
of the triode in signal-noise ratio is due to the division of current 
between anode and screen which occurs in tetrodes and more 
complex valves. The fraction of the cathode current which reaches 
these two electrodes does not remain precisely constant from moment 
to moment. Minute variations occur and these cause effects of a 
similar nature to thermal-agitation and shot noise. Because of this 
partition effect, the noise of a pentode is from three to five times that 
of a triode. 
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NOISE IN CAMERA HEAD AMPLIFIERS 


19.1 INTRODUCTION 


THERMAL-AGITATION and shot noise is particularly troublesome in the 
early stages of video-frequency amplifiers fed from the output of 
camera tubes as the output of these tubes is in general very small. 

Shot noise can arise in the camera tube itself, and in subsequent 
valves, but it is generally necessary to take account of the noise of 
the first two valves of the head amplifier. The signal amplitude in 
later stages is usually so large that the additional noise introduced 
by these stages is negligible in comparison with it. In assessing the 
effects of noise due to thermal agitation it is usually necessary to 
consider that produced by the signal resistor and the anode load of 
the first valve; the noise in resistors later in the chain is swamped 
by the signal. 

The relative magnitude of the noise from these sources depends 
on the type of camera tube. In an iconoscope, or one of its de- 
rivatives, or an orthicon (i.e., in any tube having a signal plate) the 
noise in the camera-tube beam is small and the chief sources of noise 
are shot effect in the first valve and thermal agitation in the signal 
resistor. For a camera tube such as the image orthicon, there is an 
important additional source of noise, namely the electron beam of 
the tube; this noise is present whether there is a signal output 
from the tube or not. As explained in Volume I, the beam current 
in these tubes is kept to a minimum to reduce noise as far as possible. 


19.2 NoIsE SOURCES 


In confirmation of the statement that shot effect in the first valve 
and thermal noise in the signal resistor are the chief sources of noise 
in an orthicon head amplifier, we will calculate the noise voltage at 
the anode of the second stage due to the following sources— 

Shot effect in camera-tube beam current. 
Shot effect in first valve. 

Shot effect in second valve. 

Thermal noise in signal resistor. 

Thermal noise in first valve anode resistor. 
The essential features of the circuit are shown in Fig. 130. 
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1. Shot Effect in Camera-tube Beam Current 
If the beam current is 1 »A, the noise current is, from (249) 
Ins = 5:45 X107* X +/(10-§ X3 X10) A 
= 0-001 pA 


and if the signal resistor is 2 kQ, the noise at the first valve grid is 
0-001 x 10-§ x 2 x 103 V =2 nV. The gains of V1 and V2 will 
be taken as 10 and thus the noise at the anode of V2, due to shot 
effect in the camera tube beam, is 2 x 10 kK 10 nV = 200 pV. 
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Fig. 130—Essential features of early stages of a camera head 
amplifier illustrating sources of noise 


2. Shot Effect in First Valve 


This calculation is made on page 258 and the noise voltage at the 
anode of V2 is 126V. After amplification by V2, the noise due to 
shot effect in VI is 126 x 10 V = 1,260 pV. 


3. Shot Effect in Second Valve 
The noise at the anode of V2 is, of course, 126 pV. 


4. Thermal Noise in Signal Resistor 
If the signal resistor is 2 kQ, the voltage across it due to thermal 
agitation is given, from (247) by 
Van = 1:25 10-!94/(2 x 103 X3 x 108) V 
= 10,zV. 
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The gain from the grid of V1 to the anode of V2 is 100, and thus 
the voltage at the anode of V2 due to thermal agitation in the load 
resistor is 10 x 100 nV = 1,000 pV. 


5. Thermal Noise in First Valve Anode Resistor 


The voltage at the grid of V2 due to thermal agitation in the anode 
load of V1 (assumed to be 2 kQ) is, from the previous calculation, 
10 pV and after amplification by V2, this becomes 100 pV. 


Examination of the results of these calculations shows that the 
chief sources of noise are shot effect in V1 (1,260 pV) and thermal 
agitation in the signal resistor (1,000 »V), which are of the same 
order. The noise due to shot effect in the first valve is kept at a 
minimum by use of a low-noise valve such as the special triodes 
which have been developed for use in such positions; thermal 
agitation noise is kept low by choice of the value of signal resistor. 
The choice of signal-resistor value is, however, complicated because 
the frequency response of the camera-tube output circuit is dependent 
on it. We will now consider this point in greater detail. 


19.3 CAMERA-TUBE OUTPUT COUPLING 


The simplest type of camera-tube output-coupling circuit is that 
shown in Fig. 131. A load resistor R; is connected directly in the 
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Fig. 131—Basic output coupling circuit for camera tube 


output circuit of the tube and the voltage developed across this is 
directly connected to the input terminals of the head amplifier. 

Camera tubes of the iconoscope, image-iconoscope and orthicon 
type have a very high output impedance, being mainly the reactance 
of the signal plate-earth capacitance. This impedance is normally 
very large compared with likely values of load impedance R;. The 
tube thus behaves as a constant-current source and the output voltage 
is directly proportional to the value of the load resistance. 
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Thermal agitation noise is proportional to the square root of the 
resistance as shown by expression (247). Thus the signal-noise ratio 
is proportional to the square root of the resistance and increases as 
the resistance is increased. It is advantageous, therefore, to use as 
high a value of signal resistor as possible, but an upper limit is set 
by the shunt capacitance C; across the load. If the load is high, the 
capacitive reactance is an appreciable shunt at high video frequencies 
and reduces the effective load, causing the output voltage to fall at 
the upper end of the video range. To enable high values of load 
resistance to be used, it is essential to minimise stray capacitance. 
To this end the head amplifier is located as close to the tube as 
possible, but even so the capacitance cannot be reduced much below 
approximately 25 pF. This value is made up of the capacitance of 
the signal plate itself, the lead to the first valve grid and the input 
capacitance of the first valve. To avoid partition noise the first 
valve is almost certain to be a triode and its input capacitance may 
considerably exceed the value of the grid-cathode capacitance because 
of Miller effect. 

A capacitance of 25 pF has a reactance of 2,000 Q at 3 Mc/s and, 
to minimise the shunting effects of this on the load resistance, the 
latter cannot be more than 2,000 Q. Such a low value of load re- 
sistance gives a poor signal/noise ratio and it is essential to find 
methods of reducing the shunt capacitance still further. 

One method which can be employed is to reduce the Miller effect 
in the first valve of the head amplifier. The increase in input 
capacitance due to Miller effect is given by Cag(A + 1) where Cag is 
the grid-anode capacitance and A is the stage gain. This capacitance 
can thus be reduced by decreasing 4A, i.e., by decreasing Ry the anode 
load of V1. This load resistance is sometimes reduced to a value 
less than that required for frequency-response considerations in 
order to reduce input capacitance. 

Even by adopting measures of this nature it is not possible to 
use tube load resistances much higher than a few thousands of 
ohms without losing gain at the upper end of the video-frequency 
band due to capacitive shunting. With such low load values the 
signal-noise ratio is poor unless a prohibitively large light input is 
used. Thus it would appear to be very difficult to reduce the shunt 
capacitance to an acceptably low value. 

There is, however, an alternative solution to this problem which 
is commonly adopted. The shunt capacitance is made as small as 
practicable and a large value of tube load resistance is used. This 
results in an acceptable signal-noise ratio but the frequency response 
of the tube output circuit falls as frequency rises. The frequency 
response is corrected in subsequent stages of the head amplifier by 
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designing this section to have a rising high-frequency response. 
The noise voltage across the tube load resistance has equal-amplitude 
components at all frequencies in the video-band and, because of the 
frequency response of the amplifier, the high-frequency components 
are subjected to a greater amplification than the low-frequencies. 
Thus the signal-noise ratio at the amplifier output is better at low 
frequencies than at high ones; this is sometimes referred to as a 
triangular noise spectrum. By arranging for the signal-noise ratio 
to vary in this way, more noise can be tolerated than if the signal- 
noise ratio were made constant and independent of frequency. By 
confining the noise to the upper end of the video band, the noise is 
seen as a fine grain superimposed on the picture; this is more 
acceptable than the larger grain which is obtained when the noise 
components are spread uniformly over the spectrum. 
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Fig. 132—Basic features of a circuit used for camera-tube 
output coupling 


By using this technique it is possible to use tube load resistances 
as high as 1 MQ. This is large compared with the reactance of the 
shunt capacitance and the frequency response of the tube output 
circuit is very nearly inversely proportional to frequency, i.e., the 
response falls at the rate of 6 db per octave throughout the video 
band. To correct this, the head amplifier must have a response 
which rises at the rate of 6 db per octave throughout the spectrum. 

Fig. 132 illustrates the basic features of a circuit arrangement 
which can be used to give such a performance. The rising frequency 
characteristic is obtained by use of frequency-discriminating feed- 
back applied from output to input of a 3-stage video-frequency 
amplifier. The feedback circuit consists simply of a potential 
divider with a resistive upper arm, and a capacitive lower arm; such 
a circuit makes 8 inversely proportional to frequency and gain 
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Fig. 133—Circuit of Fig. 132 with feedback derived from 4 
cathode follower 


directly proportional to frequency. The most interesting’feature of 
the circuit is that the upper potential divider arm is the tube load 
resistance and the lower arm is the capacitance shunting the tube 
output circuit. This circuit may alternatively be regarded as an 
example of parallel-connected feedback; the parallel connection 
makes the effective input impedance of the amplifier very much less 
than R; the value of the load resistor, thereby eliminating ‘the 
effect of the shunt capacitance and the high-frequency loss. 

In practice the load resistor is not returned to the anode of V3 
but to the output of a cathode follower fed from V3 anode, the 
circuit having the basic form illustrated in Fig. 133. 
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PRESS OPINIONS OF THIS SERIES 


Volume I: Fundamentals, Camera Tubes, Television Optics, Electron Optics 


. . . this is a very comprehensive volume, written in a readable style. We 
will look forward with interest to the succeeding volumes in the series. 


Proceedings of the Institute of Radio Engineers (U.S.A.) 


Since the B.B.C. has a technical staff pre-eminent among broadcasting organi- 
zations, it comes as no surprise that the book is technically above reproach. 


Electronics (U.S.A.) 


Volume II: Video-frequency Amplification 


For its size, the scope of the subject treatment is excellent, and without doubt 
this is a publication which can be recommended to circuit designers both as a 
training manual and a book of reference. 


Journal of the Institute of Electrical Engineers 


Volume III: Waveform Generation 


. . an exceptionally valuable book for all those interested in the generation 
of television signals. Adequately illustrated with clearly defined schematic 
diagrams and figures, it is equally useful in the fields of research, development 
and operation. 

Proceedings of the Institute of Radio Engineers (U.S.A.) 


It is difficult to fault a book of this nature as the subject matter is so carefully 
selected and described. It is obvious that both authors not only know the 
subject, but also how to teach. 

The Engineer 


Volume IV: General Circuit Techniques 


Anyone concerned with the practical design, use, or servicing of circuits of 
the types mentioned will find this book one of the most useful he can locate. 
That it is completely sound technically, authoritative, and up-to-date, of 
course goes without saying. 


Proceedings of the Institute of Radio Engineers (U.S.A.) 


. . can be unreservedly recommended as a source of concentrated information 
for the student or engineer. 
Journal of the Institute of Electrical Engineers 
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